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ABSTRACT
There has been a call from the national community of biologists and biology educators to
increase biological literacy of undergraduate students, including understanding and application
of core concepts. The structure and function relationship is a core concept identified by the wider
biology community and by physiology faculty. Understanding of the core concept structure and
function across multiple levels of organization may promote biological literacy. My research
focused on the development of formative written assessment tools to provide insight into student
understanding of structure and function in anatomy and physiology.
In chapter two I developed automated scoring tools to facilitate the evaluation of written
formative assessment based on structure and function. Formative written assessments allow
students to demonstrate their thinking by encouraging students to use their diverse ideas to
construct their responses. However, formative written assessments are not often used in the
undergraduate biology classroom due to barriers, such as time spent grading and the intricacy of
interpreting student responses. Automated scoring, such as lexical analysis and machine scoring,
can examine student thinking in formative written responses. The core concept structure-function
provides a foundation upon which many topics in anatomy and physiology can be built across all
levels of organization. My research focused on the development of formative written assessment
tools and automated scoring models to provide insight into student understanding of structure
and function. My research objective was to examine student understanding of a core concept in
anatomy and physiology by using automated scoring. Ten short answer questions were
administered to students in a junior-level General Physiology course and a sophomore level
x

Human Anatomy and Physiology course at a large Southeastern public university, and to
students in Human Anatomy and Physiology courses at two Southeastern two-year colleges.
Seventeen students were interviewed to determine if their responses to the short answer
questions accurately reflected their thinking. Lexical analysis and machine scoring were used to
build predictive models that can analyze student thinking about the structure-function
relationship in anatomy and physiology with high agreement to human scoring. Less than half of
the student responses in this study demonstrated conceptual understanding of the structurefunction relationship. Automated scoring can successfully evaluate a large number of student
responses in Human Anatomy and Physiology and General Physiology courses.
In chapter three I compared conceptual understanding of structure and function in 2-yr
and 4-yr student responses. Anatomy and physiology is taught at a variety of institutions,
including 2-year community colleges and 4-year research universities. Regardless of the type of
institution offering anatomy and physiology, conceptual understanding of the structure-function
relationship is necessary to understand physiological processes. The focus of my research was to
compare conceptual understanding of 2-year versus 4-year anatomy and physiology students by
using written formative assessment. I hypothesize that differences in students’ academic
readiness between two-year and four-year institutions may affect conceptual understanding and
student performance. Based on prior research, I predict that there will be a difference in
conceptual understanding of the core concept structure and function between two-year and fouryear students in anatomy and physiology, and that the students at the two-year institution will not
perform as well as the students at the four-year institution, as measured by performance on the
constructed response questions. Responses to eight short answer essay questions were collected
from students at both types of institutions from students in human anatomy and physiology over
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six semesters. My results demonstrated that there is a difference in conceptual understanding of
the structure-function relationship between 2-year and 4-year students in anatomy and
physiology with more 4-year students mentioning SRF concepts in their responses compared to
the 2-year students. A potential reason for this difference may be college readiness. There was no
difference in performance between institution types on structure-function concepts examined in
the A&P II course. My results suggested that students may benefit from a focus on core concepts
within the content of anatomy and physiology courses. This focus should occur in both the first
and second semesters of anatomy and physiology. Instructors can use written formative
assessment to allow students to demonstrate their conceptual understanding within the organ
systems.
In chapter four I investigated how question features affect student responses to anatomy
and physiology formative assessment questions. Short answer essay questions contain features
which are elements of the question which aid students in connecting the question to their existing
knowledge. Varying the features of a question may be used to provide insight into the different
stages of students’ emerging biological expertise and differentiate novice students who have
memorized an explanation from those who exhibit understanding. I am interested in examining
the cognitive level of questions, the use of guiding context/references in question prompts, and
the order of questions, and how these features elicit student explanations of the core concept
structure-function in anatomy and physiology. I hypothesized that varying the features of short
answer questions may affect student explanations. Short answer questions based on the core
concept ‘structure-function’ were administered to 767 students in a junior level General
Physiology course and to 573 students in a sophomore level Human Anatomy and Physiology
course at a large southeastern public university. Student responses were first human scored and

xii

then scored by using lexical analysis and machine scoring. Students were interviewed to examine
their familiarity with levels of organization and to confirm their interpretation of the questions.
Students demonstrated more conceptual understanding of four of the structure-function concepts
when answering the understand questions and more conceptual understanding of two structurefunction concepts when answering the apply questions. The question prompts provided a
different context which may have influenced student explanations. There was no difference in
conceptual understanding of the structure-function relationship with and without the use of a
guiding context in the wording of the question prompt. For question sequence, students
performed better on the last questions in the sequence, regardless of whether the last question
was easier or more difficult. Instructors should provide students with questions in varying
contexts and cognitive levels will allow students to demonstrate their heterogeneous ideas about
a concept.

xiii

CHAPTER ONE
INTRODUCTION
There has been a call from the national community of biologists and biology educators to
increase biological literacy of undergraduate students (AAAS, 2011). Biological literacy includes
understanding and application of core concepts, such as those identified by the Vision and
Change Report: 1. evolution, 2. structure and function, 3. information flow, exchange and
storage, 4. pathways and transformations of energy and matter, and 5. systems (AAAS,
2011). Structure and function is a core concept identified by the wider biology community,
including physiology education researchers and physiology faculty (AAAS, 2011; Michael &
McFarland, 2011). In a study by Michael & McFarland (2011), eighty-one college faculty from
diverse institutions identified fifteen physiology core concepts. My research will focus on one of
these core concepts, structure and function, which provides a foundation upon which many
topics in anatomy and physiology may be built across all levels of organization. According to
Michael and McFarland (2011), the relationship between structure and function is described as
“The function of a cell, tissue, or organ is determined by its form. Structure and function
(from the molecular level to the organ system level) are intrinsically related to each
other.” (p. 338)
The Human Anatomy and Physiology Society provides learning goals for students in Anatomy
and Physiology (HAPS, n.d.), which include an understanding of structure and function defined
as the ability to
“Use anatomical knowledge to predict physiological consequences and use knowledge of
function to predict the features of anatomical structures.”
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Understanding of this core concept serves as a foundation in the learning process and
provides coherence of the other core concepts (Michael & McFarland, 2011). Understanding of
the core concept of structure and function across multiple levels of organization may promote
biological literacy. Within this framework, I will assess student understanding of the core
concept of structure and function from the molecular to organ system levels of organization by
using formative assessment.
Formative Assessment
Formative assessment occurs during the process of learning and provides feedback to
both the instructor and students (Bell & Cowie, 2001). Feedback to instructors and students
occurs during learning, not afterwards. Instructors need to know students’ existing conceptions
and misconceptions in order to help them overcome misconceptions. Students must be given
feedback about their existing conceptions, and how to modify their thinking, in order for learning
to occur. Students can use this feedback to determine what information they need to study further
and what adjustments in their thinking need to be made.
The purposes of formative assessment are to facilitate student learning and inform
pedagogy (Bell & Cowie, 2001). Learning is an adaptive process in which students’ mental
schema are reconstructed based on formative feedback (Chi et al., 1981; Driver, 1989). The
development of this mental schema is necessary for a student to apply concepts in appropriate
contexts. As students develop subject matter expertise, there are corresponding changes in how
they represent problems cognitively (Chi et al., 1981). Students’ existing mental schema and
their cognitive processes both must be taken into account to inform pedagogy. Formative
assessment allows teachers to discover the effectiveness of learning activities within the
classroom. Examples of formative assessment include clicker questions, case studies, group
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worksheets, or think-pair-share activities. As a teacher gathers this formative assessment
feedback and information about student thinking and learning, the teacher may make
pedagogical adjustments to further support learning. Therefore, formative assessment is at the
intersection of teaching and learning.
Constructed Response
Constructed response (CR) questions are open-ended questions, such as short answer
essay questions, drawing, or an oral examination, whereby students use their own knowledge to
construct their responses rather than choose from a list of options such as responding to multiple
choice questions (Martinez, 1991). CR questions provide advantages not afforded by multiple
choice questions. In addition to formative assessment providing insight into student
understanding, CR questions also identify student misconceptions (Birenbaum & Tatsuoka,
1987). CR questions reveal student thinking by allowing students to use their various knowledge
elements to construct their written responses (Nehm & Haertig, 2012). Multiple choice questions
have less diagnostic value, whereas CR questions have more diagnostic value and may be used to
assess student conceptions and misconceptions (Birenbaum & Tatsuoka, 1987; Martinez, 1999).
Multiple choice questions allow for guessing and response elimination strategies, while CR
questions require a written response that does not permit guessing (Kuechler & Simkin, 2010;
Martinez, 1991). By using CR questions, a student must generate knowledge and organize
information both cognitively and within his or her written response; thus, CR questions may help
to enhance critical thinking skills. This higher order thinking is similar to real-world tasks and is
necessary for the development of biological literacy (Nehm & Haertig, 2012). However, there
are drawbacks to CR questions. Resource constraints of time, money, and expertise limit the use
of CR questions; formative feedback to students about their learning may be delayed due to these
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constraints (Ha et al, 2011). There is also difficulty with the reliability and consistency of human
grading of CR questions (Ha et al, 2011). Such drawbacks to the use of CR questions to provide
insight into student thinking may be ameliorated by using automated scoring (Martinez, 1999).
Automated scoring helps to alleviate resource constraints and inconsistency of human grading.
Written Assessment
Written assessment is one form of constructed response. Writing is a tool for enhancing
student higher-order cognitive skills (Marzano, 1993). When students are encouraged to write,
they use metacognition to reflect, construct, and explore their ideas (Glynn & Muth, 1994; Keys,
1999). Student learning is not necessarily linear but involves the exploration of ideas. For
example, journal writing allows a student to explore his or her thinking without fear of being
graded. Informal journal writing encourages students to reflect on their understandings and
misunderstandings as they communicate their ideas (Newell, 2006). As students write, they can
organize distinct facts into a more coherent form. This process does not mean that the act of
writing will inevitably lead to a better understanding of information. However, if a student has
prior knowledge of a concept, the act of writing and organizing their ideas will aid in the learning
process (Newell, 2006). If a student is developing conceptual understanding, informal writing
may help him or her to clarify ideas (Glynn & Muth, 1994). Informal, unstructured writing
further allows students to explore their thinking and construct knowledge (Glynn & Muth, 1994;
Keys, 1999; Newell, 2006). Additionally, having students informally write will enhance their
writing skills. Such writing proficiency is important for computer assisted scoring as students
with poor writing skills have a difficult time accurately expressing their ideas, which may
prevent computer assisted scoring (lexical analysis) from recognizing their knowledge (Nehm &
Haertig, 2012).
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Conceptual Understanding
Conceptual understanding refers to the ability to apply knowledge in a variety of
contexts. Formative assessment is crucial for conceptual understanding to occur (Bell, 1995; Bell
& Cowie, 2001). Conceptual understanding necessitates students’ awareness of their existing
conceptions and misconceptions, and how to make modifications to their thinking, through
formative feedback. Often, students resort to rote memorization of facts rather than conceptual
understanding (Michael, 2007). However, most students in anatomy and physiology courses are
destined for healthcare professions where rote memorization is insufficient.
This dissertation will focus on measuring students’ conceptual understanding of the
structure-function relationship in anatomy and physiology. The content of anatomy and
physiology courses includes many complex processes. The amount of detail in an anatomy and
physiology textbook can be overwhelming to students, and students often resort to memorizing
facts and narratives (Michael, 2007). Students need tools to make sense of the complex processes
in anatomy and physiology and find patterns in the details of the information. Conceptual
understanding of the structure-function relationship can help students recognize the relationship
during learning and apply it to new information being learned. However, conceptual
understanding of structure-function is not prevalent, even though the core concept is an
organizing principle for biology, especially for anatomy and physiology. Recognizing the
structure-function relationship can help students to organize the details and make sense of
anatomical and physiological processes. This conceptual approach to teaching and learning about
core concepts in anatomy and physiology, although not new, is not well established in anatomy
and physiology education. The use of formative written assessments is one approach that can
help give instructors insight into student conceptual understanding.

5

Research Goals and Hypotheses
My research focuses on the development of formative written assessment tools to provide
insight into student understanding of structure and function. In chapter 2, I have developed
formative written assessments and automated scoring models that reveal student understanding
about the relationship between structure and function in anatomy and physiology. My research
goal is to examine how automated scoring may be used to examine student understanding of core
concepts in anatomy and physiology and to build predictive models that mimic human scoring of
structure-function formative assessment questions. In chapter 3, I compare conceptual
understanding of students in anatomy and physiology at two-year institutions and a four-year
institution. I hypothesize that differences in students’ academic readiness between two-year and
four-year institutions may affect conceptual understanding and student performance. Based on
prior research, I predict that there will be a difference in conceptual understanding of the core
concept structure and function between two-year and four-year students in anatomy and
physiology, and that the students at the two-year institution will not perform as well as the
students at the four-year institution, as measured by performance on the constructed response
questions. In chapter 4, I examine the effect of question features, such as cognitive level, guiding
context, and question sequence, on prompting student understanding of structure and function in
anatomy and physiology. I hypothesize that varying the features of short answer questions
(cognitive level, guiding context, and question order) may affect student writing about core
concepts in anatomy and physiology. Based on prior research, I predict a difference in student
responses and conceptual understanding of the core concept structure and function based on the
cognitive difficulty, guiding context, and question sequencing of the short answer questions.
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CHAPTER 2
INSTRUMENT DEVELOPMENT
Abstract
Formative written assessments allow students to demonstrate their thinking by
encouraging students to use their diverse ideas to construct their responses. However, formative
written assessments are not often used in the undergraduate biology classroom due to barriers,
such as time spent grading and the intricacy of interpreting student responses. Automated
scoring, such as lexical analysis and machine scoring, can examine student thinking in formative
written responses. The core concept structure-function provides a foundation upon which many
topics in anatomy and physiology can be built across all levels of organization. My research
focused on the development of formative written assessment tools and automated scoring models
to provide insight into student understanding of structure and function. My research objective
was to to examine student understanding of core concepts in anatomy and physiology by using
automated scoring. Ten short answer questions were administered to students in a junior-level
General Physiology course and a sophomore level Human Anatomy and Physiology course at a
large Southeastern public university, and to students in Human Anatomy and Physiology courses
at two Southeastern two-year colleges. Seventeen students were interviewed to determine if their
responses to the short answer questions accurately reflected their thinking. Lexical analysis and
machine scoring were used to build predictive models that can analyze student thinking about the
structure-function relationship in anatomy and physiology with high agreement to human
scoring. This study showed that less than half of the student responses in this study demonstrated
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conceptual understanding of the structure-function relationship. Automated scoring can
successfully evaluate a large number of student responses in Human Anatomy and Physiology
and General Physiology courses.
Introduction
Formative assessment occurs during learning (Bell & Cowie, 2001). Written assessment
includes open-ended questions wherein students use their own knowledge to construct their
response rather than by choosing a multiple-choice option (Martinez, 1991). Formative written
assessments facilitate student learning and can enhance pedagogy by providing feedback to both
instructors and students (Bell & Cowie, 2001). Formative written assessments allow students to
demonstrate their thinking by encouraging students to use their diverse ideas to construct their
responses. However, formative written assessments are not often used in the undergraduate
biology classroom.
Barriers to the use of written assessments include time spent grading and training other
graders, inconsistency in grading due to fatigue, and the intricacy of interpreting student
responses (Nehm & Haertig, 2012). There is also difficulty with the reliability and consistency of
human grading of written assessments (Ha et al., 2011). Subjectivity is a problem with human
grading, which leads to issues with reliability. Multiple graders are often necessary in large
enrollment courses, and training is time-consuming. In addition, multiple graders may not be
comparatively consistent in their grading. Formative feedback provided to students about their
learning may thus be delayed due to such constraints (Ha et al., 2011). However, the
effectiveness of written assessments to provide insight into student thinking may be augmented
by using automated scoring (Martinez, 1999).
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Automated Scoring
Automated scoring, such as lexical analysis and machine scoring, resolves some of the
concerns that limit the use of written formative assessment. Automated scoring is a branch of
computer science in which computers learn through experience (Abu-Mostafa, 2012). In this
way, computers can utilize patterns to build predictive models that can then be used to evaluate
future cases. The computer matches characteristics of responses with the scores assigned by
human scorers, then uses the characteristics to predict scores on new responses; this algorithmic
process is similar to how Netflix recommends content to its viewers based on prior user-selection
or how Amazon makes predictions about one’s future purchases (Abu-Mostafa, 2012). Thus, the
development of automated grading tools will assist with reliability and consistency of grading,
alleviate grading fatigue, and diminish scorer training time. Automated scoring may facilitate the
analysis of written responses from large enrollment classes and provide formative feedback to
instructors and students in a timely manner as it is capable of scoring a large number of student
written responses in a short amount of time.
There are numerous examples of automated scoring tools being used in education. In
each of the following examples, patterns are used to build predictive models, future essays are
compared to those models, and scores are assigned. For example, Project essay grader (PEG)
evaluates formative and summative essays for writing quality by analyzing essays for fluency,
word choice, and grammar (Page, 1994). Intelligent essay assessor (IEA) uses latent semantic
analysis to evaluate text for specific words and phrases (Foltz, et al., 1999). IEA is a Pearson tool
for WriteToLearn, which is a web-based tool for improving writing skills and reading
comprehension (Foltz et al., 2013). IEA assesses formative and summative essays for quality as
well as spelling and grammar. E-rater is the tool used by the Educational Testing Service to
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evaluate formative and summative essays by using natural language processing (Burstein,
Kukich, Wolff, Lu & Chodorow, 1998). E-rater scores essays based on the presence or absence
of “features” of quality writing, such as lexical complexity, grammar, mechanics, and
organization (Attali & Burstein, 2006). E-rater is used in high-stakes assessments and
standardized tests including the GRE and GMAT.
Within science education, automated scoring, including lexical analysis and machine
scoring, is used to examine conceptual understanding. For instance, Prevost et al. (2016) used
lexical analysis to identify terms that students used in their written responses about replication,
transcription, and translation. They next used this information to build predictive scoring models
of student explanations of the central dogma (Prevost et al., 2016). Similarly, Weston et al.
(2015) used lexical analysis to investigate student understanding of and misconceptions about the
process of photosynthesis. They found that the content of student responses varied by changing
the question prompt order and the plant species (Weston et al., 2015). Haudek et al. (2012) used
lexical analysis to reveal terms and phrases students used to explain the chemistry of acids and
bases in the context of cellular biology. They then used the terms and phrases to predict human
scoring of written responses (Haudek et al., 2012). Ha et al. (2011) used machine scoring to
analyze key concepts of evolution, including variation, heredity and limited resources. For their
study, responses were collected from majors and non-majors at two different institutions. They
found that sample source did not affect the performance of the machine-scoring models.
However, the frequency of occurrence of concepts was associated with model performance: e.g.,
“competition” occurred in 0.02% of the student responses, which corresponded with poor model
performance (Ha et al., 2011). They also investigated sample size and model performance and
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found that sample sizes of 500 compared to 1,000 did not have significant effect on model
performance (Ha et al., 2011).
This chapter builds upon one study that used automated scoring/lexical analysis to
examine student understanding of the structure-function relationship in physiology (Carter &
Prevost, 2018).
Lexical Analysis
Lexical analysis uses linguistic-based computer analysis to identify, extract and
categorize text (Nehm & Haertig, 2012). Lexical analysis has been described as a “bag of words”
model in which words are extracted from a text document. With a “bag of words” model, the
order of the diction and grammar is ignored during extraction (Zhang et al., 2010). Lexical
analysis has been used for marketing research to thematically evaluate open-ended survey
responses (Espinoza et al., 2018). For example, if asked “How did you like your hotel stay?”,
responses could include:
a. I would definitely recommend this hotel. The location was great!
b. Had I known the hotel would be so noisy, I would not have chosen it for my work
trip since I needed quiet time to work.
c. The rooms were decent, and the bed was comfortable.
Lexical analysis would explore these types of responses and provide a quantitative view
of terms and phrases in the responses. Once terms and phrases are identified in the responses,
categories could be formed, such as location (a), noise level (b), and room satisfaction (c) from
the above examples. This automated analysis of open-ended survey responses could occur more
quickly and be more consistent than human scoring (Espinoza et al., 2018).
Prior work in science education has shown lexical analysis, extraction, and categorization
to reliably reveal student thinking (Haudek et al., 2012; Weston et al., 2015; Prevost et al., 2016;
Carter & Prevost, 2018). Haudek et al. (2012) performed lexical analysis, including extraction
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and categorization, on student responses to an acid-base chemistry constructed response
question. This two-step, linguistic-based approach to lexical analysis using SPSS Modeler was
used by Prevost et al. (2016) in which categories were created to categorize student responses to
genetics questions. Additionally, Weston et al. (2015) analyzed student responses to
photosynthesis questions by using lexical analysis with both extraction and categorization.
Lexical analysis also was successfully used to analyze physiology students’ written responses to
structure-function questions in which the order of question prompts varied (Carter & Prevost,
2018).
Machine Scoring
In supervised machine scoring, the computer “learns” the rules of scoring student
responses from human scoring (Kotsiantis, 2007). The machine scoring uses a set of humanscored student responses to discover patterns, such as the presence or absence of physiological
concepts relating to the structure-function relationship. Thus, the human scoring of student
responses is taken into account by the machine scoring algorithms, which learn patterns from the
human scoring to classify the written responses and mimic human scoring. The patterns detected
in the student responses can then be applied to a new set of student responses. Both correct and
incorrect ideas can thus by recognized and classified by the software.
As an example of machine scoring, a bank has a large customer base, and many of their
customers have various loans. The bank knows the characteristics of people who make timely
payments on their loans, such as debt to income ratio, credit score, and other credit obligations.
Machine scoring algorithms detect the patterns of people who make their loan payments. When a
customer applies for a loan, the machine scoring algorithms use that customer’s characteristics to
predict whether or not he or she will make the loan payments based on patterns that the
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algorithms detected in data from previous customers. The bank uses that information to decide
whether or not to offer the customer a loan. In the same vein, machine scoring may be used to
build computer scoring models of students’ written responses. These predictive scoring models
thus would mimic human scoring.
Prior work in education has demonstrated machine scoring to reliably detect patterns of
student thinking in evolution (Ha et al., 2011; Nehm et al., 2012). A high level of agreement
(kappa) between human scoring and machine scoring was assessed in student responses for key
concepts related to evolutionary change (Ha et al., 2011). Livne et al. (2007) used machine
scoring of mathematics questions to evaluate student responses in the form of mathematical
equations by using a holistic rubric; equations were assessed as correct, partially correct or
incorrect. In broader strokes, machine scoring has also been used to predict student performance
in distance learning classes (Kotsiantis et al., 2004; Kotsiantis, 2012). The predictive models
considered student demographics, prior educational experience, and whether or not the student
sought help from a tutor to predict academic achievement. This information was used to design
tutoring interventions with the goal of students’ academic success (Kotsiantis, 2012).
One of the main differences between lexical analysis and machine scoring is that human
scoring of written responses to interpret lexical expressions is needed prior to machine scoring to
train the computer for patterns to detect. Lexical analysis can be used initially to identify terms
and phrases in student responses in an exploratory fashion. Therefore, machine scoring has the
ability to function as a confirmatory analysis, which will measure the deviation from the human
scoring (Haudek et al., 2011; Nehm et al., 2012). Neither lexical analysis nor machine scoring is
capable of detecting meaning in students’ written responses, yet both are quite sensitive to words

15

and patterns. Further work using lexical analysis and machine scoring is needed to determine the
appropriateness of each method for science education research.
My investigation of lexical analysis and machine scoring is focused on a core concept in
physiology education: the structure-function relationship (AAAS, 2011, Michael et al., 2009).
Automated scoring, such as lexical analysis and machine scoring, can examine student thinking
about the structure-function relationship in formative written responses. In this study, I use
lexical analysis to evaluate two structure-function short answer questions, and I use machine
scoring to assess eight short answer questions.
Research Objectives and Questions
1. How can automated scoring methods, such as lexical analysis and machine scoring, be
used to build predictive models that mimic human scoring of structure-function
formative assessment questions?
2. What do the predictive models built from automated scoring demonstrate about student
conceptual understanding of the structure-function relationship in physiology?
Methods
Question Development and Administration
I developed ten short answer questions based on the core concept of “structure-function”
(Table 2.1). The questions were developed with feedback from an anatomy and physiology
instructor, two physiology instructors, and two science education researchers. I also interviewed
students for their feedback and interpretation of the questions. The study protocol was approved
under the Institutional Review Board (Pro00027955, HCC IRB #2017_009), and students
provided consent prior to participation.
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The short answer questions were administered to students in a junior-level General
Physiology course and a sophomore level Human Anatomy and Physiology course at a large
Table 2.1. Short answer structure-function questions. GP=General Physiology, HAP= Human
Anatomy & Physiology
Question prompt
Topic
N GP N HAP
Define the principle: form reflects function
Concept definition 222
318
Give an example of the principle: form reflects
Concept example
484
319
function from the human body
Consider the two layers of the skin, the dermis and
Integumentary
0
597
the epidermis. Which structures of these layers
system/Skin layers
contributes to the functions of the integumentary
system? Explain your reasoning.
Victims of third degree, or full thickness, burns have Integumentary
149
458
their epidermis and dermis damaged. Relate the loss system/Skin layers
of functions with losing these layers of the skin.
The contractile proteins actin and myosin are
Muscular
262
462
involved in the sliding filament model of muscle
system/Skeletal
contraction. Based on the structure of actin and
muscle contraction
myosin describe their role in skeletal muscle
contraction.
A medical examiner is called to a crime scene to
Muscular
463
509
investigate the circumstances of a recent death. The system/Skeletal
victim is clutching a syringe in one hand and the
muscle contraction
medical examiner is unable to remove it. Based on
form reflecting function, explain the role of actin
and myosin in the process of rigor mortis.
Consider the mucosa of the small intestine. Based on Digestive
0
314
form reflecting function, explain how this layer
system/Small
contributes to the functions of the digestive system. intestine
Your patient was recently diagnosed with celiac
Digestive
349
370
disease, which is an autoimmune disease in which
system/Small
gluten damages the villi of the small intestine. Based intestine
on form reflecting function, relate the damage of
villi to the functions of the digestive system.
Arteries and arterioles are important in blood
Cardiovascular
334
376
pressure regulation. Based on structure reflecting
system/Blood
function, explain how the structure of these blood
vessels
vessels contributes to blood pressure regulation.
Mr. Gallagher has been taken to the local emergency Cardiovascular
465
311
room with a complaint of chest pain. Further
system/Blood
investigation reveals he has arteriosclerosis, or a
vessels
hardening of the arterial walls. Relate this diagnosis
to the functions of the arteries and arterioles.
Totals 2728 4034
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Southeastern public university, and the short answer questions were also administered to students
in Human Anatomy and Physiology courses at two Southeastern two-year colleges. The General
Physiology course focuses on the structures and metabolic processes that vertebrate and
invertebrate animals use to interact with their environment; the structure-function relationship is
an underlying or implicit concept in the General Physiology course. The Human Anatomy and
Physiology course is a sequential, two-term course (Human Anatomy & Physiology I and II)
designed to introduce the form and function of the human body; the structure-function
relationship is an explicit concept in the Human Anatomy and Physiology course.
The questions were administered throughout each semester over eight semesters as part
of regular online homework via the course management system. Administration of each question
occurred after the relevant topic was discussed in class. Students were asked to explain their
answer to the best of their ability without the use of outside resources. I collected a total of 6,762
responses over the course of those eight semesters from 1,777 students at the 4-yr institution and
from 437 students at the 2-yr institutions.
I analyzed the student responses to the short answer questions by using two approaches.
The first approach was human scoring for the structure-function relationship followed by logistic
regression. The second approach included human scoring for scientific and nonscientific ideas
related to the structure-function relationship followed by machine scoring.
Coding for Structure Relates Function by Using Logistic Regression
Human Scoring of Student Responses
For the questions, “Define the principle: form reflects function” and “Give an example of
the principle: form reflects function from the human body”, I used a 3 bin analytic rubric to code
for the presence (1) or absence (0) of the concepts of structure and function and whether students
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relate structure and function (Table 2.2). For example, responses that mentioned “teeth”, “vili
(sp)”, “small intestine”, “female pelvis”, and “membrane” were coded 1 (present) for structure as
shown in bold font in Table 2.2. Adjectives used to describe structures, such as “pointed”, “flat”,
“large”, and “wide” were also coded 1 (present) for structure. Responses that mentioned
“tearing”, “grinding”, “pumping of blood”, “heat loss”, and “transport” were coded 1 (present)
for function as shown in Table 2.2. Responses that included a correct statement connecting
structure and function were coded 1 (present) for the structure-relates-function concept. For
example, in Table 2.2, “The female pelvis is large and wide for childbearing” was coded as a 1
for structure (female pelvis/large/wide), a 1 for function (childbearing), and a 1 for structurerelates-function because the student demonstrated the connection between the two. However,
responses that mentioned a structure and a function but did not provide a correct statement
linking the two were coded 0 for structure-relates-function: e.g., in Table 2.2, “Transport across
the membrane” was coded as a 1 for structure (membrane) and a 1 for function (transport) but as
a 0 for structure-relates-function because there was no connection between the two noted (Carter
and Prevost, 2018).
We obtained inter-rater reliability by scoring a subset of responses (15%) with two
coders. An inter-rater reliability of >0.70 (kappa) was achieved (Landis & Koch, 1977), and then
I coded the remaining responses. Analysis of the human scoring data consisted of determining
the percent of student responses that mentioned structure, function or the concept of structure
relating function.
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Table 2.2. Human scoring of student responses using 3 bin rubric. Within student responses,
structures are highlighted in bold and functions are underlined.
Function

Structure
relates
function

Some teeth are made for tearing; therefore, they are
1
pointed. Other teeth and meant for grinding, so they are
flat.

1

1

vili (sic) of the small intestine.

1

0

0

Pumping of blood through body

0

1

0

The female pelvis is large and wide for childbearing.

1

1

1

heat loss and preservation to maintain homeostasis
during work.

0

1

0

Transport across the membrane

1

1

0

Student response

Structure

Lexical Analysis
The first step of lexical analysis is extraction, and the process involved the identification
of text by building a custom lexical library using student responses. Student responses to
“Define the principle: form reflects function” and “Give an example of the principle: form
reflects function” were analyzed by using IBM SPSS Modeler Text Analysis version 16 (SPSS,
2013). The software has a standard library of common term, and a custom lexical library was
built by using data from student responses. The custom library includes synonyms,
abbreviations, variant spellings and misspellings as well as discipline-specific, technical terms
used in physiology courses. For example, synonyms and misspellings of “absorption” included
“absorptive”, “absortion”, and “absorbtion”, and all such terms were added to the custom lexical
library.
Extraction occurred as the software identified key terms from the student responses by
using the standard and custom lexical libraries. Examples of terms in the lexical libraries and
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identified by the software are shown in Table 2.3, e.g., in the first response in Table 2.3, the
software recognized the terms “femur”, “support” and the phrase “thick-walled”, while in the
fifth response, only “process” was recognized.
The second step of lexical analysis is categorization, in which terms and phrases
identified by the software are grouped into categories. (Throughout this chapter, categories will
be represented in italics.) A category includes terms and phrases that represent a common
meaning or a homogenous idea. For example, the category structure/organ level includes the
terms “femur”, “small intestine”, “capillaries”, and “lungs.” The terms “thick walled”, “surface
area”, and “biconcave shape” are used to describe structures and are considered properties of
structures (Table 3). The student’s written responses were categorized into zero, one, or more
categories following extraction: e.g., the student response of “The femur is a thick-walled long
bone because of its support function for the trunk of the body” is categorized as properties of
structures, structure/organ level, and function/general (Table 2.3). The category grain size was
hierarchical based on biological levels of organization from molecular to organ system (Table
2.4) (Carter & Prevost, 2018).
Classification of Student Responses by Using Logistic Regression
Classification was performed once categorization was complete by using SPSS Modeler
to build a predictive model of human scoring of student responses. Logistic regression uses a
forward stepwise method to identify a subset of lexical categories that predict human scoring.
Logistic regression through SPSS Statistics was used to determine the categories that predict the
presence or absence of the human coding: structure, function, and structure-relates-function. A
unique model was created for each category; thus, for each question, three logistic regression
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models were built. Logistic regression was used because the dependent (response) variable, the
prediction of human coding, is a binary variable: e.g., when building a model to predict student
Table 2.3. Example student responses from “Define” and “Give Example” questions, and
categorization of student responses in SPSS Modeler.
Response

Category
Properties
of
structures

The femur is a thickwalled long bone because
of its support function for
the trunk of the body

x

Microvilli on the epithelial
cells of the small intestine
for faster absorption due
to larger surface area.

x

Structure/
cellular
level

Structure/ Process
organ
level

Function/
cellular
level

x

x

x

x

x

The loss of functions
associated with a third
degree burn would be the
loss of sensation, loss of
some movement, and loss
of protection.
Red blood cells have a
very distinctive biconcave
shape that allows them to
squeeze into the smallest
capillaries in the human
body.

x

x

x

x

A process by which a
physiological reaction
takes place in an
organism.
The alveoli of the lungs
give a high surface area
for gas exchange.

Function/
general

x

x

x

x

x

x
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Table 2.4. Hierarchical structure and function lexical categories from SPSS Modeler. Table from
Carter and Prevost (2018).
Structure

Function

Other

structure

function

dynamics

structure/biomolecules

function/cellular level

mechanism

structure/cell

function/organ level

organism

structure/cell components

function/organ system level

process

structure/tissue

function/organism level

structure/tissue components

function/general

structure/organ

function/disorder

structure/organ components
structure/organ system
structure/part
structure/complex structures
properties of structures
understanding of the concept of structure, the response variable of structure has two values in the
student response: the presence or absence of structure. The independent (predictor) variables for
the logistic regression are the binary variables of the presence or absence of a student’s response
in a lexical analysis category. The logistic regression model thus predicts the likelihood that a
response would be classified as either correct or incorrect.
The performances of the logistic regression models were evaluated based on three
criteria: fitness, % agreement, and relevant biological interpretation. The fitness of the logistic
regression model was evaluated by using a Pearson chi-squared test (Menard, 2002) (p<0.05).
The % agreement of the logistic regression was determined by using a confusion matrix and
human-computer agreement of 0.7 as the level of acceptable agreement where 0 is no agreement
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and 1 is perfect agreement (Cohen, 1960). The confusion matrix contains information about the
actual classification (from human coding) and predicted classifications from the logistic
regression model. For example, in the short answer question, “Define the principle: form reflects
function”, a confusion matrix shows the actual (human scored) and predicted (by logistic
regression model) uses of “structure” (Table 2.5). The % agreement (accuracy) is a measure of
how often the classification is correct. Precision is the proportion of positive human-scored and
machine-scored responses, or true positives (TP), out of all of the positive results (TP + FP).
Precision is based on when the model predicts a positive result and how often the positive
prediction is correct. Recall is the proportion of true positives (TP) divided by the total number
of actual positive responses (TP+FN) and is a measure of the actual positives being correctly
identified. Negative predictive value is the proportion of true negatives (TN) divided by the true
negatives and predicted negatives that are positives (TN+FN).
Coding for Scientific and Non-scientific Ideas Using Machine Scoring
Human Scoring of Student Responses
The human scoring rubric includes key concepts, terms, and phrases, and it was built by
using a grounded theory approach (Glaser and Strauss, 1967). The remaining eight questions
(Table 2.1) were scored by using a conceptual rubric designed for each question (Table 2.6 and
Appendix, Table A.1). For example, terms such as protection, regulation, and sensation are
important in understanding the structure-function relationship in human skin. The human scoring
rubric can include both structures and functions related to protection, regulation, and sensation.
For the “two layers of skin” question, six conceptual categories related to protection, regulation,
and sensation were represented in student responses (Table 2.6).
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Table 2.5. Confusion matrix of student responses to “Define principle” and use of “structure”.
Predicted
Present (1)

Absent (0)

Present (1)

40 (TP)

15 (FN)

Absent (0)

6 (FP)

193 (TN)

Actual

% Agreement (accuracy) = (TP+TN)/total
= (40+193)/254
= 0.917
Precision = TP/(TP + FP)
= 40/40+6
= 0.869
Recall = TP/(TP + FN)
= 40/40+15
= 0.727
Negative predictive value = TN/(TN+FN)
= 193/193+15
= 0.928
TP=true positive, FP=false positive, FN=false negative, TN=true negative
Table 2.6. Description of conceptual rubric for each short answer question prompt.
Question prompt
Conceptual rubric
Description
Consider the two layers of the skin,
Structures protection
Pigments, cells, glands and
the dermis and the epidermis. Which
tissues that provide
protection.
structures of these layers contributes
to the functions of the integumentary Function protection
Protective barrier
system? Explain your reasoning.
Structures regulation
Cells, glands and tissues that
regulate temperature, blood
supply and cell division
Function regulation
Homeostasis,
thermoregulation, repair, and
regeneration
Structures sensation
Cells and tissues which
provide sensation
Function sensation
Sense of touch and sensory
perception.
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Four coders scored a subset of responses and achieved an inter-rater reliability of 0.7 or
higher for each concept. I calculated the intraclass correlation (Cronbach’s alpha), which is used
to compare agreement among more than two raters. Cronbach alpha values of 0.7 and higher are
considered acceptable levels of agreement for inter-rater reliability (Cronbach, 1984). Each rater
was then assigned a subset of responses to code with at least two coders assigned to each
response. After this round of independent coding, I resolved any disagreements.
Each student response was scored for the presence (1) or absence (0) of each concept.
Each concept was represented in student responses as key terms or phrases. For example, in the
first response in Table 2.7, the student mentions the function of protection as “protective barrier”
and also specifically mentions the epidermis protecting the body (function protection =1)
regulation of body temperature (function regulation =1) and insulates heat (function regulation
=1). In the last response in Table 2.7, the student mentions “stratified squamous epithelial tissue”
(structures protection =1), which provides protection (function protection =1), secretion of oils
and sweat (function regulation =1) and maintain body temperature (function regulation =1).
Machine Scoring
The final consensus scores from the human scoring were then divided into a training data
set (70%) and a testing data set (30%) for machine scoring by using an ensemble method.
Ensemble methods combine machine scoring algorithms to obtain better predictive results than
could be obtained from only one machine algorithm. There are eight algorithms used in the
ensemble method in this study: support vector machine, supervised latent dirichlet allocation,
logitboost, classification tree, bagging classification trees, random forest, penalized generalized
linear model, and maximum entropy (Table 2.8). Each algorithm is used to predict the scoring
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Table 2.7. Human scoring of student responses to “two layers of skin” question using conceptual
rubric.
Conceptual rubric
function
protection

structures
regulation

function
regulation

structures
sensation

function
sensation

The integumentary system acts 0
as the protective barrier to the
body. It keeps bodily fluids
inside, and helps regulate body
temperature. The outer layer
of the skin the epidermis,
protects the body from disease
and outside forces. The
dermis, which is under the
epidermis, insulates heat.

1

0

1

0

0

The epidermis contains many
different types of cells and
provides a barrier for the
body; however, the dermis
provides blood vessels,
connective tissue, fluids,
insulation and nerves that help
the epidermis. I would have to
say that the dermal layer
contributes to the function of
the integumentary system.

0

1

1

1

1

0

I believe that the dermis
contributes to the functions of
the integumentary system
because that is where most of
the action happens, but the
epidermis is just a layer that is
mainly for aspect of physical
appearance. The dermis is a
layer of skin where sweat
glands can be found and hair
follicles, so majority of the
functions of the integumentary
system happen here.

0

0

1

0

1

0

keratinocytes provide an
important function of the
integumentary system by
providing strength against
abrasion and water resistance.

1

1

0

0

0

0

Student response

structures
protection
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of student responses in the training dataset. Then a final prediction is obtained by taking a
weighted vote of the classifier predictions (Dietterich, 2000). The weighting of the individual
classifiers for the ensemble is based on the probability that the prediction is correct or incorrect,
precision, and specificity.
Table 2.8. Machine scoring algorithms in the ensemble.
Machine scoring algorithm

Description

Support Vector Machine

Constructs a hyperplane to maximize separation of
data points based on a binary classifier, works well
with binary data

Supervised Latent Dirichlet Allocation

Semantic model which assesses likelihood of cooccurrence of similar words, themes are detected
during human scoring

LogitBoost

Logistic regression model that is iterative with
weighting, works well with binary data

Classification Tree

Iterative model for multiple predictors which sorts
data based on features from root to branches, works
well with binary data

Bagging Classification Trees

Builds multiple classification trees by resampling
and replacement, bagging works to reduce variance

Random Forest

Builds multiple classification trees using a random
subset from data, tries to reduce correlations
between predictions

Penalized Generalized Linear Model

Regression model which constrains regression
coefficient to reduce variance, works well with data
that contains multiple predictors

Maximum Entropy

Estimates probability distribution from lexical data

Predicted scoring of the training set was then compared to the human scoring by using
Cohen’s kappa to quantify the agreement between the human scoring and the computer scoring.
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Cohen’s kappa ranges from 0.0 to 1.0 and is commonly used to quantify agreement between
human and computer ratings (Landis and Koch, 1977). The levels of agreement are: values
between 0.21 and 0.40 are considered “fair”, between 0.41 and 0.60 are considered “moderate”,
between 0.61 and 0.8 are “substantial”, and between 0.81 and 1.0 are “almost perfect” (Landis
and Koch, 1977).
During analysis of the training set, the ensemble builds a computational model to account
for the patterns detected. The same student responses and human scoring were evaluated again to
determine the performance of that model by using leave-one-out cross-validation. Leave-one-out
cross-validation means that the machine scoring algorithms are trained on the data minus one
data point, then the algorithms are tested on that one data point that was left out (Knox, 2018). In
this study, a data point is a student response; the machine scoring algorithms were trained on
90% of the data in the training set, and validation was on the remaining 10%. The leave-one-out
process was repeated for all combinations: each time, a different data point (10% of the student
responses) was left out and then tested. This process simulates model performance expected on
new data or in a real-world application.
The ensemble-generated scoring model was then applied to a new set of human-scored
student responses (testing dataset) to determine if the model performs effectively with new
student responses (i.e., the training model is tested). The performance of the model with the
testing data set was measured by using a confusion matrix and Cohen’s kappa.
Student Interviews
Seventeen students were interviewed to confirm that their written responses accurately
reflected their thinking and to obtain feedback on the question prompts. The interviews occurred
after the students had answered the questions via the course management system. Students from
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both General Physiology and Human Anatomy and Physiology were invited to participate in the
interviews. Each interview was approximately 90 minutes long and was audio recorded. Students
were compensated for their participation. At the beginning of the interview, I used a think-aloud
protocol in which each student was provided with a question prompt that he or she had
previously answered and asked for a verbal response. Once he or she completed his or her verbal
response, each was shown his or her written response and asked to compare the responses. Each
student was also asked for feedback on the question prompts. Student responses and feedback on
the question prompts were followed-up with probes to clarify any terms or explanations. The
interviews were qualitatively analyzed for general themes. Details of the interview protocol are
found in the Appendix.
Results
Human Scoring of Define and Give Example Questions
Human scoring of the student responses assessed the percentage of students who used
structure, function, or the structure-function relationship in their responses. When asked to define
the core principle of structure and function, 45% of students identified structures, 50% identified
functions and 28% related structure and function. When asked to give an example of the core
principle, 59% of students identified structures, 92% identified functions and 51% were able to
link the two concepts (Fig. 2.1).
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Figure 2.1. Human scoring of student responses to “Define” and “Give Example” questions.
N=541 “Define”, N=803 “Give Example”.
Lexical Analysis
Lexical analysis using SPSS Modeler produced 22 biologically relevant categories from
student responses. When students were asked to define the core principle, responses frequently
included the categories of part, general functions, organism, and organ (Fig. 2.2).
When students were asked to give an example of the core principle, categories used
frequently included structure/organs, general functions, structure/biomolecules, organ system
functions, and structure/tissue (Fig. 2.3). Student responses were more heterogeneous in their
thinking when they were asked to provide examples of the concept as demonstrated by the
diversity of lexical categories.
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Figure 2.2. Categories from lexical analysis of student responses to “Define the principle”. A
total of 22 lexical categories were formed based on student responses. Only categories in more
than 10% of student responses are shown.

Figure 2.3. Categories from lexical analysis of student responses to “Give an example of the
principle”. A total of 22 lexical categories were formed based on student responses. Only
categories in more than 10% of student responses are shown.
Model performance: Logistic regression
The categories obtained via lexical analysis were used in logistic regression models to
predict human scoring of student responses. The model used a forward stepwise method to
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identify the lexical categories that predicted the presence or absence of structure, function, or the
relationship of structure and function within student responses. A total of six logistic regression
models were built. For each of the two questions, “Define the principle: form reflects function”
and “Give an example of the principle form reflects function from the human body”, I built three
models: one model predicts the presence or absence of structure, one predicts function, and the
third predicts structure relating to function.
In Table 9, “Define the principle-Structure” the lexical analysis category
Structure/Biomolecules has a regression coefficient of 2.270, which means that with a one-unit
increase (going from 0 to 1) in Structure/Biomolecules, I expect a 2.270 increase in the log-odds
of Structure, while holding the other lexical analysis categories constant. The exponent of the
regression coefficient (β) provides the odds ratio. The odds ratios describe the likelihood of the
lexical analysis category predicting the presence or absence of structure, function, or the relation
of structure and function. For example, in Table 9, “Define the principle-Structure”, the lexical
analysis category Structure/Part has an odds ratio of 191.371, meaning that the presence of
Structure/Part in a student response leads to the response being 191 times more likely to be
predicted as a one for Structure. Lexical categories with a negative regression coefficient and
odds ratio less than one are less likely to contribute to the predictive model. For example, in
Table 9, “Define the principle-Relates structure and function”, the lexical analysis category of
process has a regression coefficient of -0.902. If students use “process” in their response, they
are 0.41 times less likely to be predicted as a 1 in the model for relating structure and function.
Logistic regression results for the question “Define” are shown in Table 2.9, and results for the
question “Give Example” are shown in Table 2.10.
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Table 2.9. Logistic regression model for the question “Define the principle: form reflects
function”. N=254. (* p<.05, **p<.005).
Define the principle-Structure
Lexical Category
Dynamics
Structure/biomolecules

ß
2.176
2.270

Odds Ratio
8.807*
9.675**

Structure/part

5.254

191.371**

1.416
1.003

4.120*
2.726*

-0.902
2.095
3.628

0.406*
8.125**
37.622**

Define the principle-Function
Functions/general
Structure/part
Define the principle-Relates structure function
Process
Structure/biomolecules
Structure/part

Table 2.10. Logistic regression model for the question “Give an example of the principle form
reflects function from the human body”. N=517 (* p<.05, **p<.005)
Give an example-Structure
Lexical Category
Function
Functions/cellular level
Functions/organ level
Structure
Structure/cell
Structure/complex structures
Structure/organ
Structure/organ system

ß
-2.684
-1.139
1.952
2.954
2.145
2.042
2.846
1.910

Odds Ratio
0.068**
0.320**
7.042*
19.181**
8.543**
7.709*
17.227**
6.754**

1.706
0.970
0.912
-2.784
1.542
1.174

5.504*
2.639*
2.490*
0.062**
4.673*
3.234*

-3.077
0.996
0.739
1.626
1.996
2.615
3.416
1.828
3.102
1.529
1.826

0.046**
2.707**
2.093*
5.085**
7.360**
13.667**
30.440**
6.221*
22.247**
4.614**
6.210**

Give an example-Function
Functions/cellular level
Functions/general
Mechanism
Structure
Structure/cell
Structure/organ
Give an example-Relates structure function
Function
Functions/general
Mechanism
Process
Structure
Structure/cell
Structure/cell components
Structure/complex
Structure/organ
Structure/organ system
Structure/tissue
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Model performance: Accuracy of Human-Computer Agreement
Overall, there was a 91.7% agreement between human coding and logistic model
predictions. The confusion matrix contains information on the agreement between the actual
classification (from human coding) and predicted classifications from the logistic regression
model (Table 2.5). For example, for “Define the principle-Structure”, human coding and
computer prediction agreed on the presence of structure in 40 cases and the absence of structure
in 193 cases. The confusion matrix also displays disagreement between human coding and
computer predictions. For example, on six occasions, the computer predicted that structure was
present when the response was coded as absent, i.e., false positive. Human coding of structure
being absent (coded as 0) was correctly predicted by the model in 97% of cases (Table 2.5).
Human coding of structure being present (coded as 1) was correctly predicted in 72.7% of cases.
The chi-square goodness of fit test was performed for each predictive model. The three
logistic regression models (structure, function, and relates structure and function) for “Define the
principle” demonstrate accuracy of 0.917, 0.594, and 0.894, respectively (Table 2.11). The three
logistic regression models (structure, function, and relates structure and function) for “Give an
example of the principle” indicate accuracy of 0.89, 0.921 and 0.876, respectively (Table 2.11). I
used kappa coefficient as a measure of accuracy, which takes into consideration chance
agreement. A kappa coefficient of 0.7 was used as the level of acceptable agreement (Cohen,
1960). The chi-square goodness of fit test evaluates the human coding and computer prediction
for a significant model.
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Table 2.11. Accuracy and goodness of fit of logistic regression models for “Define the principle”
and “Give an example of the principle”.

Accuracy was determined based on the confusion matrix for each logistic regression model. Chi-square
goodness of fit is based on the comparison between the human coding and predictive model. (* denotes
significance p<0.05).

Human Scoring of Remaining Questions
Human scoring by using a conceptual rubric revealed the percentage of students who
mentioned specific concepts in their responses about the structure-function relationship. For
example, in the “two layers of skin” question, 56% of students mentioned structures in the skin
responsible for protection, and 82% mentioned the function of protection (Fig. 2.4).
Machine Scoring
The results of human-scoring were used for a training data set, and a testing data set for
machine-scoring using an ensemble method. As shown in Figure 2.4, the human-identified
frequencies of concepts (green bars) are similar to machine-scoring frequencies (orange bars).
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Figure 2.4. Frequency of occurrence of concepts scored as “1” (present) between human scored
and machine scored explanations of the structure-function relationship in the “two layers of skin”
question.
The remaining constructed response questions were scored for the presence or absence of
the structure-function concepts (Fig. 2.5 and Appendix, Table A.1). The “rigor mortis” question
had the highest percentage (72%) of students linking structure and function in their responses,
while the “arteriosclerosis” question had the lowest percentage (9.9%). For all of the questions,
an average of 44% of student responses linked structure and function in their responses.
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Figure 2.5. Frequency of occurrence of students linking structure and function in their responses
for the eight constructed response questions.
Model Performance: Confusion Matrix
Each category in the training and testing datasets was evaluated for agreement with a
confusion matrix. The confusion matrix compared the human scoring to the machine scoring
(predicted scores). For example, the category function protection has the machine scoring agree
with the human scoring that 480 of the responses included the concept. However, 11 responses
demonstrated that the concept was not detected by machine scoring (Table 2.12).
Table 2.12. Confusion matrix of student responses to “two layers of skin” and function
protection category.
Predicted
(machine scored)
Present (1)

Actual
(human
scored)

Absent (0)

Present (1)

480

11

Absent (0)

9

96
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Model Performance: Cohen’s Kappa
The performance of machine scoring using the ensemble method was evaluated by using
Cohen’s kappa. Cohen’s kappa ranges from 0.0 to 1.0 and is commonly used to quantify
agreement between human and computer scoring (Landis and Koch, 1977). In the training
dataset, Cohen’s kappa for all six categories was above 0.7 (Fig. 2.6). For example, with the
“two layers of skin” question, the category function protection demonstrated a kappa of 0.885 in
the training dataset. The model generated from the training dataset was then used to build a
predictive model with new human-scored responses, or the testing dataset (Fig. 2.6).
Performance of the predictive model was evaluated with a confusion matrix and Cohen’s kappa.
All kappa values for the testing data were above 0.7.
In this study, machine scoring detected patterns in student responses and predicted human
scoring. The kappa values were similar to the human-human agreement (Appendix, Table A.2).
For the “two layers of skin” question, the kappa values for all six categories were above 0.7 (Fig.
2.6). The precision and recall for the “two layers of skin” question were above 0.7 for all six

Figure 2.6. “Two layers of skin” categories with training kappa and testing kappa values as a
measure of model performance.
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categories (Appendix, Table A.2). For the “rigor mortis” question, the kappa values, precision
and recall, were above 0.7 for all six categories (Appendix, Table A.2). However, the “celiac
disease” question had a kappa value above 0.7 for only one category. The remaining five
categories for the “celiac disease” question were below the benchmark of 0.7. For the machine
scoring questions, there were a total of 49 structure and function categories. Of the 49 categories,
34 categories in the training data and 30 categories in the testing data exceeded our kappa
benchmark of 0.7 (Appendix, Table A.2).
Model Performance: Precision and Recall
Precision is how often the model predicts a positive case correctly and is calculated from
the confusion matrix. Of the 49 machine-scoring categories, 46 categories had precision above
0.7 (Appendix, Table A.2). Recall is a measure of the correctly identified positive cases. Of the
49 machine scoring categories, 36 categories had recall above 0.7 (Appendix, Table A.2).
Student Interviews
“Two layers of skin” question
Students were interviewed to determine if their responses to the short answer questions
accurately reflected their thinking. At the beginning of the interview, each student was asked to
provide an answer to the questions he or she had previously answered in homework. After
providing a verbal answer, the student was shown his or her previously written response. Two
students were interviewed about the “two layers of skin” question. Their verbal explanations
closely aligned with their written explanations. For example, one student was consistent in her
mention of the structures and function of protection and regulation, but not sensation:
Student 1 written: The epidermis has multiple layers of cells. Since stratified squamous
tissue is the tissue found in the epidermis, this makes sense. This type of tissue is meant
to withstand abrasion and provide protection, which is one of the primary purposes of the
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skin. Since the surface layers of the epidermis are keratinized, dead cells, this allows
them to flake off successfully. The dermis has adipose tissues which help the skin to
insulate which is another function of the integumentary system.
Student 1 verbal: Let's see. Which structures of these layers contribute to the functions ...
Your dermis has a lot of adipose in it if I recall. That also serves one of the functions of
the integumentary system of insulating your body. Fat insulates, there we go, there's that.
Protection, insulation, those are the main two things that I remember about the
integumentary system. That's how ... You have oil glands also in your skin and they, your
sebaceous glands, they secrete oil that help to, I guess, moisturize your skin. But they
also, I feel like one of the glands might secrete something that keeps away bacteria or
something along those lines and that's how it's protective.

The other student was also consistent in her explanation of structures and function of
protection in both her written and verbal responses. However, in her verbal response, she also
mentions “blood vessels” and “growing cells”, which are structures involved in regulation, but
she does not mention the function of regulation:
Student 2 written: The epidermis is composed of 4-5 layers (depending on if you're
talking about thick or thin skin) that all have specific structures within that contribute to
its overall protective function. For instance, the stratum corneum has dead keratinized
squamous epithelium cells that serve as a first line of defense against the abrasion
involved in daily activities.

Student 2 verbal: So, I remember that epidermis is the upper layer and the dermis is
underneath it. And then with the epidermis, like for your skin, you can have stratified
squamous of the epithelial cells. Which help the integumentary system do its job because
it's supposed to protect the body from like outside pathogens or chemicals. And so, that
stratified squamous epithelial cells basically gives your body a nice layered defense
against the outside world. And then the dermis just supported the epidermis with blood
vessels and growing cells, making sure that the epidermis has all the layers of the
stratified squamous epithelial cells.

Both students were asked for feedback on the question prompt, and if any part of the
question prompt was either helpful or confusing in answering the question:
Student 1: I think that this was actually the first question was a really great introduction
into this experiment, if you will. Because you didn't just say, "Consider the
integumentary system, how does form meet function?" That would have been like, wow,
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that's a lot to think about because you can also think of nails, you can think of hair. But
you said, "Consider the two layer of skin," you named the two layers of skin and then you
said, "What structures of these layers contribute to the function?" And I think that's about
as good as you could have worded that, and explain your reasoning behind it. You're not
just saying, "This form meets this function," you're also telling them to explain as much
as possible.
Student 2: I believe that number two was well put. It definitely is straight forward, it is
just asking to recall some information that at the time might seem basic for the dermis,
epidermis. It should be pretty fundamental if you are writing about the integumentary
system. So, I think this was a good question. Because it was straight forward. And wasn't
any tricks to it. It was just kinda like remember. So, it was a good question.
I used the same protocol to interview 17 students about the remaining questions to
determine if their responses to the short answer questions accurately reflected their thinking.
Students’ verbal responses to the question prompts were similar to their original written
response. The majority of the students (16 out of 17) stated that their written response was much
more detailed than their verbal response when asked to compare the two.
Students found the wording of the question prompts helpful for eliciting their responses.
No students found the wording to be confusing. Many of the students stated that the question
prompts provided details that were helpful in answering the question. For example, these
students provided feedback on the question prompt, “The contractile proteins actin and myosin
are involved in the sliding filament model of muscle contraction. Based on the structure of actin
and myosin describe their role in skeletal muscle contraction”, and the students claimed that the
use of the “sliding filament model” in the prompt was helpful:

Student 3: “I think describing ... Putting in there about the sliding filament model you
know that in some fashion they have to move along the filament then, and I think that
helps you visualize what's happening, and again, it could help you even if you don't
know, make an educated guess, or have an idea of what's going on.”
Student 4: “For this one, I guess the actin and myosin. I think the "sliding filament model
of the muscular contraction" really helped because at first I forgot what actin myosin
were, but then I remembered sliding filament. Then I pictured a video I saw in class about
the two sliding over ... One coming to connect. So that helped me remember.”
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Other students noted that the scenario in the question prompt was helpful in answering
the question because it provided a visualization. For example, these students answered the
question, “A medical examiner is called to a crime scene to investigate the circumstances of a
recent death. The victim is clutching a syringe in one hand and the medical examiner is unable to
remove it. Based on form reflecting function, explain the role of actin and myosin in the process
of rigor mortis.”
Student 5: “Well, I like how before they tell you that the patient is in rigor mortis that
they kind give you the symptoms and in your mind your already starting to think about
maybe what is this? … Where it says the victim is clutching a syringe in one hand and
that gives you a good visualization of what's going on. I like that because you can kinda
get a picture in your mind, if you maybe learn visually and stuff and that gives you an
idea of... It gives you a picture that you can work off of in your mind.”
Student 6: “I actually like how you gave a scene, so a person could relate it to actual life.
I don't think there was any part of it, actually, that was confusing or unnecessary. It helps
to give an image. It helps a person visualize the scene. Saying that the victim is clutching
the syringe, so you know that it's unable to actually be removed. Then just stating 'actin
and myosin' itself, so you know that 'Oh, we're talking about actin and myosin and the
role with muscle contraction and relaxation.' It helps me visualize what's going on.”
Discussion
This study demonstrated that lexical analysis and machine scoring can be used to identify
student ideas about the structure-function relationship as has been shown for questions in
evolution (Ha et al., 2011), photosynthesis (Weston et al., 2015), and genetics (Prevost et al.,
2016). In this study, lexical analysis and machine scoring were used to build predictive models
that can analyze student thinking about the structure-function relationship in anatomy and
physiology. Therefore, this study was designed 1) to build and test the efficacy of computerautomated scoring tools to predict human scoring and 2) to examine student understanding of the
core concept of structure-function.
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Research Question 1:
How can computer-automated scoring methods, such as lexical analysis and machine scoring, be
used to build predictive models that mimic human scoring of structure-function formative
assessment questions?
Model Performance
The categories obtained via lexical analysis were used in logistic regression models to
predict human scoring of student responses. A total of six logistic regression models were built:
three models for “Define the principle: form reflects function” and three models for “Give an
example of the principle form reflects function from the human body”. The three logistic
regression models (structure, function, and relates structure and function) for “Define the
principle” demonstrate accuracy of 0.917, 0.594, and 0.894, respectively. The three logistic
regression models (structure, function, and relates structure and function) for “Give an example
of the principle” indicate accuracy of 0.89, 0.921 and 0.876, respectively (Table 2.11).
Human scoring was used to inform the computer-automated scoring models. To build
predictive models, the supervised computer-scoring models learn the scoring rules from the
human scoring. This process is similar to the scoring of evolution questions to detect patterns
associated with the presence or absence of concepts (Ha et al., 2011). In this study, it was
important to incorporate human-scoring into the computer-scoring because human-scoring could
recognize multiple ways to describe functions, and student responses to “Define the principle”
were varied in their terminology to describe functions. Human scorers could easily comprehend
meaning, interpret lexical expressions, and recognize the equivalence in these definitions. The
human scoring of these definitions was then used to train the computer scoring model:
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This principle means that the shape of the body part reflects what that body part does or
is used for. (Define)

The shape of a particular cell, organ system or any other living structure can give way to
its purpose and how it serves the body. (Define)
This means that body structures take a particular form or shape which helps them best
perform their function (Define)
For the “Define” question, the predictive model for function demonstrated a kappa value
of 0.594 (Table 2.11). This low kappa coefficient could be due to the varied linguistic
expressions students use to discuss function as shown in the above student responses. Human
scoring of these “Define” responses interpreted the expressions to describe functions. Lexical
analysis would detect all of these words within student responses, but human scoring would form
the categories that contain similar terms and synonyms. For example, “does”, “used for”,
“purpose”, and “serves” indicate function. Human scorers were able to interpret this meaning,
and this information was used to form categories and train the lexical analysis models. The
predictive models are therefore more robust because they were trained with human scoring data.
In this study, machine scoring successfully detected patterns in student responses and
predicted human scoring. For the “two layers of skin” question, the kappa values for all six
categories were above 0.7 (Fig. 2.6). For the remaining seven questions, there were a total of 43
categories with 34 categories that exceeded our kappa benchmark of 0.7 in the training data and
30 categories in the testing data (Appendix, Table A.2). Two questions, “two layers of skin” and
“rigor mortis”, had high kappa values (>0.7), while “small intestine mucosa” and “celiac
disease” had categories with low kappa values (<0.7). These results may be explained by
examining the limitations of model performance.
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Limitations of Model Performance
The machine scoring algorithms were generally highly effective (training: 23/43>0.8
kappa, 11/43 >0.7 kappa, 7/43>0.5 kappa; testing: 23/43 >0.8 kappa, 7/43 >0.7 kappa, 9/43 >0.5
kappa, Appendix, Table A.2) at scoring responses to the structure-function short answer
responses. However, a few limitations were revealed and are summarized in Table 2.13. The
factors that limited the effectiveness of machine scoring included: uncommon concept
frequencies, the diversity of expressions students used to represent concepts, and misspellings.
The first factor that may limit the effectiveness of machine scoring is uncommon concept
frequencies. Prior research in machine scoring has demonstrated the frequency of occurrence of
specific concepts is as important as overall sample size (Dumais, et al., 1998; Ha et al., 2011).
Machine scoring is based on the frequency of occurrence of cases, or the positive instances, and
this value is incorporated into the accuracy of machine scoring algorithms (Dumais, et al., 1998).
A larger number of cases will have a greater effect on performance. In another study, the
concept “competition” was rarely used by students to explain evolutionary change and therefore
the machine scoring algorithms did not have sufficient positive cases of student responses
containing the concept to build a predictive model (Ha et al., 2011). In this study, example (1) in
Table 2.13 demonstrates a disagreement, a positive machine score for structures protection and a
negative human score, due to the presence of an uncommon term. In this situation, the term
“stratum basale” describes the bottom layer of the epidermis, which is important for
regeneration. The term was used in 19 student responses (<5%) in the training data set. However,
the other strata of the epidermis are important in protection, and many student responses (>25%)
mention the other strata. The machine scoring algorithm recognized the term “stratum” in the
response but was unable to differentiate between the various types of strata, so stratum basale

46

was uncommon. A potential solution to this limitation is to increase the frequency of occurrence
of this term, possibly by using duplicate responses in the training dataset. The duplicate
responses may produce different results with the predictive model because the repetition yields
more influence on the resulting model (Witten & Frank, 2005).
A second limitation to the effectiveness of machine scoring was the diversity of
expressions students used to denote concepts. The student response in Example (2) of Table 2.13
includes the phrase “disposable sloughing” to refer to the regeneration of the skin. Other student
responses included “cell division”, “making more skin cells”, “pushing them upward”, and
“sloughed off”. These phrases were detected by human scorers as representing regeneration but
were not detected by machine scoring. If the total number of student responses is increased in the
training dataset, it is possible to identify other students who use these types of expression. If a
phrase occurs in more responses, there is a greater likelihood that it will be detected by machine
scoring.
The third type of limitation to the effectiveness of machine scoring is misspelling. Ha and
Nehm (2016) found that misspelled words do not have an impact on machine scoring of
evolution responses. However, they point out that the effect of misspelled words depends on
which words are misspelled, and whether the misspelled word is a key evolution concept (Ha and
Nehm, 2016). In this study, misspelled words are shown in Example (3) in Table 2.13. The
student refers to a “dendrite cell” in his or her response. Since a dendrite is a nerve cell process,
the student may have been referring to a dendritic cell but misspelled the word. Human scorers
recognized the word and assumed that the meaning that the student implied was a dendritic cell.
Machine scoring did not recognize the term “dendrite cell” as a structure involved in protection.
To minimize misspellings, spell-check software could be added during the homework data
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collection or in pre-processing. A potential problem with this solution is that the dictionaries
used by spell-check programs often lack discipline-specific words (Ha & Nehm, 2016). Thus,
correctly spelled words from an anatomy and physiology course might be incorrectly labeled as
misspelled. For example, misspelled words in student responses to this question included
“Merkle” [Merkel], “kerhatinnized” [keratinized], and “squamus” [squamous], which led to
misclassifications. Another potential solution to misspelled words suggested by Ha and Nehm
(2016) is to identify commonly misspelled words and include them in the training data for the
machine-scoring model. In general, misspelled words occurred with such low frequency that they
did not have a meaningful impact on their computer scoring models (Ha & Nehm, 2016). In this
study, misspelled words occurred with low frequency (1-2%) and do not appear to affect the
predictive models. However, as computer-automated scoring usage continues to increase, further
studies with other student populations and in other disciplines are warranted.
Another potential limitation in this study is question administration: Low-stakes
formative assessment in this format can help to increase student confidence through feedback
and to allow students to explore their ideas. However, the effort students direct towards the
assessment task is related to how important they perceive the task to be (Wise & DeMars, 2005).
If students do not perceive the value in a formative assessment task, it may affect their effort, yet
effort is difficult to measure. However, this approach has been used successfully to investigate
student understanding in many contexts (Carter & Prevost, 2018; Haudek et al., 2012; Prevost et
al., 2016). In this study, all questions were administered online as low-stakes homework outside
of class with no time limit. Students were awarded a small number of points for completion
rather than correctness and were encouraged to give their best effort.
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Table 2.13. Examples of types of disagreements between human-scored and machine-scored
explanations.
Limitation

Scoring disagreement

Examples

Solutions to correct
disagreement

Low frequency
of a concept
OR a concept is
common

Negative human
score but positive
machine score for
structure protection

(1) The basal stratum is
one of the layers which
contributes to the
functions of the
integumentary system
because it is the only layer
capable of cell division
which pushes up cells and
helps them replenish the
outer layer which is
constantly shedding dead
cells.

Increase frequency of
occurrence of term in
training samples,
possibly through the
use of duplicate
responses

Diversity of
expressions used
to represent
concept

Positive human score
for function
regulation but
negative machine
score

(2) Its not so much one
layer or the other that
contributes more, its more
of a combination of both.
The epidermis provides a
kind of shielding and
disposable sloughing that
allows for protection,
whereas the dermis
provides most of the
nervous functions as well
as vascularity. Neither of
these would function
correctly without the roles
of the other.

Increase number of
student responses in
training data so rare
expressions may
become more
common

Misspellings

Positive human score
for structure
protection and
function sensation but
negative machine
score

(3) Our skin protects us
from anything harmful that
exists everywhere we go.
As soon as I think of this, I
think how it must fight off
intruders and protect us. A
particular cell in our skin
layers helps us with this, a
dendrite cell. Also, if
anything was to happen,
we need to feel this
happening.

Use of spell check
software during
homework data
collection, increase
number of student
responses so rare
expression may
become more
common
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Furthermore, the computer-assisted scoring programs used in this study are timeintensive. Lexical analysis and machine scoring use different approaches for automated scoring.
Lexical analysis extracts words and phrases prior to building a predictive model. Machine
scoring detects patterns from human-scored responses while building a predictive model. Both
tools require human scoring of responses to build predictive models, although lexical analysis
may be used on unscored responses to explore student word choices. All student responses were
human scored, which involved time for training expert graders, time to achieve interrater
reliability, and time to score the responses. For the lexical analysis model, time was also spent
building the lexical library of anatomy and physiology terms.
Additionally, the cost associated with the lexical analysis software IBM SPSS Modeler is
substantial, which makes it somewhat cost-prohibitive. However, the machine scoring models
are housed on the Automated Analysis of Constructed Response (AACR) server and are freely
accessible. Instructors interested in using these questions, or other biology related questions, may
visit the AACR research group website at https://create4stem.msu.edu/project/aacr.
Research Question 2:
What do the predictive models built from computer-automated scoring demonstrate about
student conceptual understanding of the structure-function relationship in physiology?
Conceptual Understanding of the Structure-Function Relationship
Conceptual learning serves as a foundation for understanding physiology and provides
students with a tool to connect fragments of factual information. Traditional classroom learning
in anatomy and physiology involves the rote memorization of facts with minimal time spent on
conceptual understanding (Michael, 2007). Rote memorization does not exemplify
understanding, but a lack of conceptual understanding (Pines & West, 1986). With rote
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memorization, the student attempts to mentally organize the factual knowledge without an
existing framework, and the memorized facts are fragments of knowledge. With conceptual
understanding, a student learns a concept, such as the structure-function relationship, and then
through instruction learns examples of how this concept may be applied. The concept then
becomes a framework for a student to mentally organize information. One way in which students
can demonstrate their conceptual understanding is to apply this understanding to a new context.
In this study, we asked students to apply their knowledge of the structure-function relationship to
the integumentary, muscular, digestive, and cardiovascular systems.
My results suggest that students have difficulty in applying the structure-function
relationship for these constructed response questions. For the question “Define the principle:
form reflects function”, only 28% of students related structure and function, while for the
question “Give an example of the principle: form reflects function”, 51% were able to link
structure and function. A similar result with students having difficulty relating structure to
function was observed in a smaller study in which the order of the two questions was
manipulated (Carter and Prevost, 2018). The structure-function relationship is explicitly taught in
the Anatomy and Physiology course, but it is implied in the General Physiology course. Students
learn the structure-function core concept at various points in the curriculum. In interviews,
students were asked if they were familiar with the structure-function relationship. Although
student responses confirmed that they were introduced to and were familiar with the structurefunction relationship, students had difficulty applying this concept to both the definition and
example questions (Fig. 2.1).
Yeah, we actually, gosh, have heard that [structure-function relationship]so many times.
I've heard it in anatomy, we heard it ... I don't even know why we were talking about it in
biochem, but we were talking about it in biochem and medical botany, and bio one and
two, and I feel like I've heard that phrase a lot. (Student 7)
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I've heard of it [structure-function relationship] before. I can't pinpoint where it was from.
I feel like more Bio II was the way things look, like the finches' beaks reflects what they
would eat and stuff. That kind of stuff, everything looks a certain way for a reason.
(Student 8)
On average, 44% of students were able to relate structure-function in the eight questions
in which students were asked to apply the concept to a specific physiological context. While
responding to these questions, the students may have been reproducing facts they had memorized
about each particular context rather than demonstrating conceptual understanding. Rote
memorization may be exemplified by student responses to multiple questions during interviews;
e.g., the following interview quotes come from student 10. In response to the prompt “Define the
principle: form reflects function”, the student reiterates the question prompt, then provides an
example without providing a definition of the core concept:
To me the principle form follows function means that you can't have one without the
other. Function always follows structure or form and they are inseparable. Also what a
structure can do or perform depends on the form its in. For example triceps can't perform
what a biceps can and vice versa because they are two different forms that perform two
different functions. (response to “Define” prompt)
When asked to “give an example”, the student again repeats the words “form” and
“function”. The student does provide the functions “extend and rotate” associated with the
muscle. However, the student attempts to further explain the description of the muscle and
functions of the muscle as “big”, which is uninformative:
The form of your gluteus maximus is being the largest gluteal muscle because it performs
the greater amount of functions. The gluteus maximus acts to extend and laterally rotate
the hip joint and is a very powerful extensor. This is an example of form reflects function
because a big muscle reflects big functions in a sense. (response to “Give example”
prompt)
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In this response to the “third degree burn” question prompt, the student broadly mentions
the functions of protection, regulation, and sensation but only links structure and function with
regards to sensation:
The epidermis and dermis are the outermost and second most superficial layers of the
skin. When these are damaged the functions of touch is gone, the separation of your body
from the outside world is gone, which makes you susceptible to infections and other
harmful bacteria; the dermis regulates your body's temperature and with third degree
burns this regulation is impaired and causes problems. Your sweat glands have been
damaged, all of the skin's blood vessels and nerves, including sensory nerve endings that
respond to touch, pressure, heat, cold, and pain have been damaged and your body is in a
state of trouble and panic. (response to “Third degree burn” prompt)
The student’s response to the “rigor mortis” question includes the use of the terms “thick”
and “thin” without further explanation of the contractile protein structures. The student
recognizes that there is a lack of oxygen and ATP during rigor mortis but fails to identify ATP as
necessary for the contractile proteins to detach:
The victim died clutching the syringe which is the stretching of a muscle which pulls the
thick and thin filaments together. In order for the muscles to contract your body needs
oxygen. Since the victim died and there wasn't any oxygen present to make ATP to help
contract these muscles, the coroner couldn't pry open the victims hand releasing the
syringe. (response to “Rigor mortis” prompt)
Movement often requires the contraction of a skeletal muscle. The sliding filament model
describes the process used by muscles to contract. It is a cycle of repetitive events that
causes actin and myosin myofilaments to slide over each other, contracting the sarcomere
and generating tension in the muscle. (response to “Contractile proteins” prompt)

Overall, these interview responses demonstrate that as the student attempts to answer
each question, the student struggles with the definition and merely reiterates the terms form and
function. When the student provides an example, structures and functions are presented
separately but are not linked explicitly. The student provides pieces of factual knowledge of
structures and functions but is unsuccessful in connecting structures to functions. These
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responses suggest that the student is repeating facts from what was learned in class about these
topics rather than approaching these questions conceptually.
Students Lack a Conceptual Framework for Structure and Function
Conceptual understanding necessitates a conceptual framework. A core concept is
composed of multiple ideas that form a conceptual framework (McFarland et al., 2016; Michael
et al., 2017). For example, the components of the structure-function relationship core concept are
knowledge of structures and functions. Students must understand both of these terms to fully
comprehend the link between the two. During the interviews, students were asked to define the
individual terms, “structure” and “function”. Most students were able to define function but had
difficulty with structure:
Wow. That's a good question. Structure is what something is, whether that be how it's
shaped or what it looks like. I guess I could say what something looks like would be a
better definition because when you get into what something is, that could get all
philosophical I guess. (Student 9)
The same student responded thus when asked to define function:
What something does, that was the easiest. (Student 9)
Students found it challenging to define structures, which might explain why students had
difficulty with defining the structure-function relationship. Although students mentioned learning
about the structure-function relationship in their prior classes, they had difficulty using their
knowledge to provide a definition as well as to apply it to the example. Such difficulty may be
due to a lack of a conceptual framework. Although conceptual frameworks are useful in
designing concept inventories, they can also provide a scaffold for student learning about the
components that underlie a core concept (Michael et al., 2017).
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Levels of Organization
Lexical analysis, machine scoring, and student interviews indicate that students have
difficulty with certain levels of organization, which is a core concept in physiology (Michael et
al., 2009). In physiology education, all levels of organization -- molecules, cells, tissues, organs,
and organ systems -- are included in the curriculum. It is important for students to be able to
recognize that physiological processes occur at multiple levels of organization simultaneously
(Lira & Gardner, 2017).
Lexical analysis categories revealed that students frequently referred to only a few levels
of organization. The lexical analysis software used in this study, IBM SPSS Modeler, builds text
categories which can contain multiple terms and synonyms. The categories can be honed by a
subject matter expert, and in this case, the categories were designed to reflect the biological
levels of organization. Students drew on only a few levels of organization, primarily at the organ
and organ system levels (Figs. 2.2 and 2.3).
Eleven out of seventeen students who were interviewed identified organs as the level of
organization that they draw from, three students mentioned cells, and three students described
organ systems. In interviews, students explained that the macroscopic nature of organs makes
organs much more tangible. This perspective is exemplified in these student responses:
I think I probably think about things I can touch. So I think about the bones because I can
feel the features of my bones, if I touch my arm. I guess, yeah because like I said if I'm
going to think about something really small, I feel like I need to see it in a microscope.
But even then I can't touch it. And so I feel like if it's something that's big enough that I
can feel or I can easily visualize the features, that's a lot easier for me to think about. It
feels more natural. (Student 11)
I would say organs almost immediately. Just because that's very much ... The human
body, and I guess especially limited exposure people have to medicine, just in their daily
lives it's, "Oh, something was wrong with this particular organ." "Oh, something was
wrong with this." And so almost always people this of ... Because I think of just organs in
general. (Student 12)
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Machine scoring also shows that students have difficulty with the questions that required
students to include “properties of structures” in their response. Properties of structures are words
that describe a structure, such as “flat”, “long”, or “elastic”. Students linked structure and
function less frequently with the question prompts “blood pressure” (23.8%), “celiac disease”,
(15.3%) and “arteriosclerosis” (9.9%).
Less than half of the student responses in this study demonstrated conceptual
understanding of the structure-function relationship. A possible reason for performance on these
structure-function questions may be inherent to the student populations from which data was
collected. Differences in students’ academic readiness between two-year and four-year
institutions may affect conceptual understanding and student performance on these questions.
The short answer questions were administered to students in a junior-level General Physiology
course and a sophomore-level Human Anatomy and Physiology course at a large public research
university (moderately selective), and to students in Human Anatomy and Physiology at two
Southeastern two-year colleges. Both two-year institutions in this study are open-access,
meaning that students may attend without any academic qualifications. This situation will be
explored further in chapter 3 of this dissertation.
Another potential reason for student demonstration of conceptual understanding is the
cognitive level of the structure-function questions. The cognitive level of the question prompts
may have an effect on students demonstrating conceptual understanding. The short answer
questions are from the first three levels of Bloom’s taxonomy: remember, understand, and apply
(Anderson et al., 2001). “Remember” refers to retrieving information from long-term memory
and is typically associated with recall or recognition tasks. “Understand” goes beyond simply
remembering material, and “apply” refers to using the information in a different context
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(Anderson et al., 2001). The question prompts from each of these levels ask for different types of
conceptual understanding from the students, and this requirement may have an effect on
performance. This possibility will be explored further in chapter 4 of this dissertation.
Implications for Teaching
Lexical analysis and interviews showed that students draw on only a few levels of
organization. Instructors should discuss examples of the structure-function relationship within a
variety of levels of organization to help students apply the concept and reason across multiple
levels of organization. Students enrolled in Human Anatomy and Physiology and General
Physiology courses primarily intend to work in healthcare, where thorough knowledge of the
human body is necessary. Therefore, students need to recognize the structure-function
relationship from molecular to the organismal level. One way that instructors may address
students’ difficulty with molecular and cellular levels is to incorporate more examples at these
levels to enhance student familiarity. My results also suggest that formative assessment tasks
need to be designed to reflect multiple levels of organization and the structure-function
relationship: e.g., discussing examples of the molecular structure of proteins and how such
structure influences their function, or the shape of nerve cells and how the shape enables the
function of communication. If formative assessment is solely targeted at the organ level, it may
not identify student conceptions, or misconceptions, at the cellular level.
Conclusion
My research demonstrates that automated scoring can successfully evaluate a large
number of student responses in Human Anatomy and Physiology and General Physiology
courses. Automated scoring alleviates some of the barriers to the use of constructed response
questions as formative assessment, which is important for revealing student conceptual
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understanding and their heterogeneous ideas. Prior work in conceptual understanding in
physiology education has encouraged the use of multiple-choice assessments (Michael et al.,
2009). Multiple-choice questions allow for guessing and response elimination strategies, while
constructed-response questions require students to use their own knowledge to construct their
responses rather than choose from a list of options like in multiple choice questions (Kuechler &
Simkin, 2010; Martinez, 1991). Automated scoring of written assessment provides an avenue
with which to focus on student understanding of the core concepts in undergraduate physiology
education.
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CHAPTER 3
COMPARISON OF TWO-YEAR AND FOUR-YEAR STUDENTS
Abstract
Anatomy and physiology is taught at a variety of institutions, including 2-year
community colleges and 4-year research universities. Regardless of the type of institution
offering anatomy and physiology, conceptual understanding of the structure-function relationship
is necessary to understand physiological processes. The focus of my research was to compare
conceptual understanding of 2-year versus 4-year anatomy and physiology students by using
written formative assessment. I hypothesize that differences in students’ academic readiness
between two-year and four-year institutions may affect conceptual understanding and student
performance. Based on prior research, I predict that there will be a difference in conceptual
understanding of the core concept structure and function between two-year and four-year
students in anatomy and physiology, and that the students at the two-year institution will not
perform as well as the students at the four-year institution, as measured by performance on the
constructed response questions. Responses to eight short answer essay questions were collected
at both types of institutions from 890 students in human anatomy and physiology over six
semesters. My results demonstrated that there is a difference in conceptual understanding of the
structure-function relationship between 2-year and 4-year students in anatomy and physiology
with more 4-year students mentioning SRF concepts in their responses compared to the 2-year
students. A potential reason for this difference may be college readiness. There was no difference
in performance between institution types on structure-function concepts examined in the A&P II
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course. My results suggested that students may benefit from a focus on core concepts within the
content of anatomy and physiology courses. This focus should occur in both the first and second
semesters of anatomy and physiology. Instructors can use written formative assessment to allow
students to demonstrate their conceptual understanding within the organ systems.
Introduction
Anatomy and physiology is taught at a variety of institutions, including 2-year
community colleges and 4-year research universities. Students who take anatomy and physiology
at 2-year community colleges are pursuing a variety of health programs, such as nursing,
physical therapy, or radiologic technician, and some students transfer to 4-year institutions to
complete a bachelor’s degree. Students who take anatomy and physiology at 4-year institutions
are pursuing a bachelor’s degree and are interested in careers such as nursing, physical therapy,
physician’s assistant, or medical doctor. Health programs are currently a focus of higher
education since there is a shortage of nurses and other allied health workers, yet there are few
studies about anatomy and physiology courses (MacDowell et al., 2009; American Association
of Colleges of Nursing, 2014; Forgey, 2016).
Despite the need for anatomy and physiology courses, there is high attrition at 2-year
institutions, which leads to a lack of college readiness within nursing and allied health programs,
or an inability to transfer to 4-year institutions. The success rate of students in anatomy and
physiology courses at 2-year institutions [defined as 70% (C) or better] is typically near 50%
(Hopper, 2011; Forgey, 2016). The high attrition rate may be due to the conceptual difficulty of
the course content (Davis, 2010), the amount of terminology used in anatomy and physiology
courses (Sturges & Maurer, 2013), or due to student requirements to synthesize information
across scientific disciplines (Feder, 2005).
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Many students take anatomy and physiology at 2-year institutions, but studies in the
literature related to academic preparedness at community colleges for nursing, allied health
programs, or to transfer to 4-year institutions are few. Performance in anatomy and physiology
courses at community colleges appears to predict success in nursing and allied health programs
(Newton et al., 2007). Melguizo & Dowd (2009) found that students who transfer from a
community college to a university tend to be less academically prepared.
Since anatomy and physiology is a gatekeeper course for a multitude of health programs,
the focus should be on increasing student success in the course (Forgey, 2016). One avenue to
increase student success is the development of conceptual understanding. Often, students resort
to rote memorization of facts rather than conceptual understanding (Michael et al., 2007). There
has been a movement within the biology and anatomy and physiology communities towards
conceptual understanding of the core concepts (Michael et al., 2009). The core concepts serve as
a foundational learning tool for students; one core concept in anatomy and physiology is the
structure-function relationship.
Regardless of the type of institution offering anatomy and physiology, conceptual
understanding of the structure-function relationship is necessary to understand anatomical and
physiological processes. However, the type of institution (2-year or 4-year) may influence
conceptual understanding. The focus of my research is to compare conceptual understanding of
structure-function in 2-year versus 4-year anatomy and physiology students by using written
formative assessment and constructed response questions with responses collected from students
at both types of institutions.
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Research Question:
Is there a difference in anatomy and physiology students’ conceptual understanding of the
structure-function relationship between 2-year and 4-year institutions?
Research Hypothesis:
I hypothesize that differences in students’ academic readiness between two-year and four-year
institutions may affect conceptual understanding and student performance.
Methods
Question Development and Administration
Eight short answer questions based on the core concept of “structure-function” were
administered to students in Human Anatomy and Physiology at one Southeastern 4-year college
and two Southeastern 2-year colleges (Table 3.1). At all three institutions, the Human Anatomy
and Physiology course is a two-semester course. At the 4-year institution, two semesters of
General Biology and one semester of General Chemistry are prerequisites. However, at the 2year institutions, there are no prerequisites.
The questions were administered throughout the semester as part of regular online
homework via the course management system. Administration of each question occurred after
the relevant topic was discussed in class. Students were asked to explain their answer to the best
of their ability without the use of outside resources.
I collected 1,491 responses over five semesters from 437 students at the two-year
institutions and 1,438 responses over six semesters from 453 students at the 4-year institution
(Table 3.2). Responses were collected from the classrooms of five faculty at the two-year
institutions and two faculty at the four-year institution. All three institutions use the same
textbook.
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Table 3.1 Short-answer structure-function questions administered at one 4-year institution and
two 2-year institutions.
Topic
Question name
Question prompt
Integumentary
system/Skin
layers

Muscular
system/Skeletal
muscle
contraction

Digestive
system/Small
intestine

Cardiovascular
system/Blood
vessels

Two layers of skin

Consider the two layers of the skin, the dermis and the
epidermis. Which structures of these layers contributes
to the functions of the integumentary system? Explain
your reasoning.

Third degree burn

Victims of third degree, or full thickness, burns have
their epidermis and dermis damaged. Relate the loss of
functions with losing these layers of the skin.

Contractile proteins

The contractile proteins actin and myosin are involved
in the sliding filament model of muscle contraction.
Based on the structure of actin and myosin describe
their role in skeletal muscle contraction.

Rigor mortis

A medical examiner is called to a crime scene to
investigate the circumstances of a recent death. The
victim is clutching a syringe in one hand and the
medical examiner is unable to remove it. Based on
form reflecting function, explain the role of actin and
myosin in the process of rigor mortis.

Small intestine
mucosa

Consider the mucosa of the small intestine. Based on
form reflecting function, explain how this layer
contributes to the functions of the digestive system.

Celiac disease

Your patient was recently diagnosed with celiac
disease, which is an autoimmune disease in which
gluten damages the villi of the small intestine. Based on
form reflecting function, relate the damage of villi to
the functions of the digestive system.

Arteries/arterioles

Arteries and arterioles are important in blood pressure
regulation. Based on structure reflecting function,
explain how the structure of these blood vessels
contributes to blood pressure regulation.

Arteriosclerosis

Mr. Gallagher has been taken to the local emergency
room with a complaint of chest pain. Further
investigation reveals he has arteriosclerosis, or a
hardening of the arterial walls. Relate this diagnosis to
the functions of the arteries and arterioles.
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Table 3.2. Number of responses collected for short answer structure-function questions
administered at one 4-year institution and two 2-year institutions.
Topic

Question name

N 4year

N 2year

Integumentary
system/Skin layers

Two layers of skin

322

274

Third degree burn

264

194

Muscular system/Skeletal
muscle contraction

Contractile proteins

118

261

Rigor mortis

173

255

Digestive system/Small
intestine

Small intestine mucosa

190

124

Celiac disease

139

129

Cardiovascular
system/Blood vessels

Arteries/arterioles

145

129

Arteriosclerosis

87

125

Totals 1438

1491

Human Scoring
As discussed in chapter 2 of this dissertation, the student responses to the eight shortanswer questions were scored by using a conceptual rubric designed for each question
(Appendix, Table A.1). The human scoring rubric for each question identifies structures,
functions, or a concept that links structure and function. Four coders scored a subset of responses
and achieved an inter-rater reliability (Cronbach’s alpha) of 0.7 or higher for each concept
(Cronbach, 1984). Each rater was then assigned a subset of responses to code with at least two
coders assigned to each response. After this round of independent coding, I resolved any
disagreements. Each response was then coded for structure relates function (SRF) concepts (see
Table 2.7, chapter 2).
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Statistical Analyses
To examine differences in conceptual understanding between the 2-year and 4-year
student populations, I compared the SRF concepts for each question with a chi-square test for
homogeneity (Marascuilo & McSweeney, 1977). The chi-square test for homogeneity is used to
determine if a difference exists between two independent groups based on a binary dependent
variable. In this study, both the independent and dependent variables are binary. The independent
variable for the chi-square test is the institution, which has two values, 2-year or 4-year
institution. The dependent variable is the presence or absence of structure-function concepts in
the student responses. I compared the proportion of student responses that included the structurefunction concept by institution; e.g., I compared the number of responses to the integument
questions, which included the structure-function concept protection, between the 2-year and 4year institutions. I compared the proportion of SRF codes between institutions for 14 structurefunction (SRF) concepts by using the chi-square test of homogeneity. Because I performed
multiple statistical comparisons, I applied the Bonferroni correction and lowered the critical p
value from 0.05 to 0.01 to reject my null hypothesis (Shaffer, 1995).
Results
My results demonstrate that there is a difference in conceptual understanding of the
structure-function relationship between 2-year and 4-year students in anatomy and physiology
with more 4-year students mentioning SRF concepts in their responses compared to the 2-year
students. However, on average, less than 50% of students linked structure and function in their
responses regardless of question topic or institution. For each topic, I will present a comparison
of SRF concepts between institutions.
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Topic 1: Integumentary System/Skin layers
The integumentary system questions include “Two layers of skin” and “Third degree
burn” (Table 3.1). The SRF concepts for both integument questions are sensation, protection,
and regulation (Appendix, Table A.3). Overall, students wrote about the structure-function
(SRF) concepts in less than 60% of their responses (Fig. 3.1).
SRF Concept 1: Sensation
For the SRF concept of sensation, significantly more 4-year responses contained the idea
regardless of which question was asked. The structure-function relationship for Sensation_Two
layers of skin was mentioned by 19% of the 2-year students and 31.1% of the 4-year students, a
statistically significant difference (p=0.001). The structure-function relationship for
Sensation_Third degree burn was noted by 40.2% of the 2-year students and 54% of the 4-year
students, which is a statistically significant difference (p=0.002) (Fig. 3.1).
SRF Concept 2: Protection
For the SRF concept of protection, there was a significant difference in the number of
responses that included the idea between the two varieties of institution regardless of question.
For Protection_Two layers of skin, 38.3% of the 2-year students mentioned the structure-function
relationship, while 59% of the 4-year students mentioned it, a statistically significant difference
(p=0.000). Protection_Third degree burn was noted in 6.7% of the 2-year student responses and
in 14.4% of the 4-year responses (p=0.010) (Fig. 3.1).
SRF Concept 3: Regulation
For the SRF concept of regulation, there was a significant difference in the number of
responses that included the idea between institutions for the “Two layers of skin” question but
not for the “Third degree burn” question. For Regulation_Two layers of skin, 29.2% of the 2-year
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responses mentioned the structure-function relationship, while 46.9% of the 4-year responses
included it, a statistically significant difference (p=0.000). For Regulation_Third degree burn,
12.9% of the 2-year students wrote about the structure-function relationship, while 10.6% of the
4-year responses included it, which was not a significant difference (Fig. 3.1).

Figure 3.1. Percentage of student responses from 2-year and 4-year institutions that included
integument structure-function concepts. * significant p value <0.01.
Topic 2: Muscular System/Skeletal muscle contraction
Four SRF concepts (ATP necessary for contraction to end, myosin binds to actin, muscle
contracts due to calcium, and sarcomere contractile unit) were shared between two short-answer
questions on muscle contraction that included the “contractile proteins” and “rigor mortis”
questions (Table 3.1). The SRF concept of ATP no longer available was unique to the rigor
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mortis question. The SRF concept of muscle shortening was unique to the contractile proteins
question (Appendix, Table A.3). Overall, students wrote about the structure-function (SRF)
concepts in less than 66% of their responses (Fig. 3.2).
SRF Concept 4: ATP Necessary for Contraction to End
For the SRF concept of ATP necessary for contraction to end, there was not a significant
difference between the institution types for either question (Fig. 3.2). For the contractile proteins
question, 4.6% of the 2-year students wrote about ATP being necessary for contraction to end,
while 11% of the 4-year students wrote about it. For the rigor mortis question, 51.8% of the 2year students and 54.3% of the 4-year students wrote about ATP being necessary for contraction
to end (Fig. 3.2).
SRF Concept 5: Myosin Binds to Actin
For the SRF concept of myosin binds to actin, there was a significant difference in the
number of responses that included the idea between the two institution types regardless of
question. For myosin binds to actin_contractile proteins, 51.3% of the 2-year students wrote
about the idea in their responses, while 66.1% of the 4-year students wrote about it, a statistically
significant difference (p=0.007). For myosin binds to actin_rigor mortis, 24.7% of the 2-year
students wrote about the idea, whereas 49.7% of the 4-year students wrote about it, a statistically
significant difference (p=0.000) (Fig. 3.2).
SRF Concept 6: Muscle Contracts due to Calcium
For the SRF concept of muscle contracts due to calcium, there was a significant
difference in the number of responses that included this idea between the two institutions
regardless of question. For muscle contracts due to calcium _contractile proteins, 12.6% of the
2-year students wrote about this idea in their responses, while 32.2% of the 4-year students wrote
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about it, a statistically significant difference (p=0.000). For muscle contracts due to calcium
_rigor mortis, 9.4% of the 2-year students wrote about this idea, and 21.4% of the 4-year
students wrote about it, a statistically significant difference (p=0.001) (Fig. 3.2).
SRF Concept 7: Sarcomere Contractile Unit
For the SRF concept of sarcomere contractile unit there was not a significant difference
between the institutions for either question (Fig. 3.2). For the contractile proteins question,
16.9% of the 2-year students wrote about the sarcomere being the contractile unit, while 24.6%
of the 4-year students wrote about it. For the rigor mortis question, 2% of the 2-year students and
1.2% of the 4-year students wrote about the sarcomere as the contractile unit (Fig. 3.2).
SRF Concept 8: ATP no Longer Available
The SRF concept of ATP no longer available was evaluated only for the rigor mortis
question; there was not a significant difference between institution types. Among the 2-year
students, 55.3% wrote about ATP no longer being available, while 54.9% of the 4-year students
wrote about it (Fig. 3.2).
SRF Concept 9: Muscle Shortening
The SRF concept of muscle shortening was evaluated only for the contractile proteins
question, and there was not a significant difference between institution types. Among the 2-year
students, 17.6% wrote about muscle shortening, while 21.2% of the 4-year students wrote about
it (Fig. 3.2).
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Figure 3.2. Percentage of students’ responses from 2-year and 4-year institutions that included
muscle contraction structure-function concepts. * significant p value <0.01.
Topic 3: Digestive System/Small Intestine
Two SRF concepts, absorption and digestion, were shared between two small intestine
short-answer questions, which included small intestine mucosa and celiac disease questions
(Table 3.3). The SRF concepts of secretion and protection were unique to the small intestine
mucosa question (Appendix, Table A.3). Overall, students wrote about the structure-function
(SRF) concepts in less than 37% of their responses (Fig. 3.3).
SRF Concept 10: Absorption
For the SRF concept of absorption, there was not a significant difference between the
institutions for either question (Fig. 3.3). For the small intestine mucosa question, 32.3% of the

73

2-year students wrote about the small intestine mucosa, while 36.8% of the 4-year students wrote
about it. For the celiac disease question, 14% of the 2-year students and 18.7% of the 4-year
students wrote about the absorption structure-function relationship in the small intestine mucosa
(Fig. 3.3).
SRF Concept 11: Digestion
For the SRF concept of digestion, there was not a significant difference between the
institution types for either question (Fig. 3.3). For the small intestine mucosa question, 5.6% of
the 2-year students wrote about the structure-function of digestion in the small intestine mucosa,
while 13.2% of the 4-year students wrote about it. For the celiac disease question, none of the 2year students yet 2.2% of the 4-year students wrote about the digestion structure-function
relationship in the small intestine (Fig. 3.3).
SRF Concept 12: Secretion
The SRF concept of secretion was evaluated only for the small intestine mucosa question,
and there was not a significant difference between the institution types. Among the 2-year
students, 7.3% wrote about the secretion structure-function relationship, while 12.1% of the 4year students wrote about it (Fig. 3.3).
SRF Concept 13: Protection
The SRF concept of protection was evaluated only for the small intestine mucosa
question, and there was not a significant difference between the institution types. Among the 2year students, 4.8% wrote about the protection structure-function relationship, while 5.8% of the
4-year students wrote about it (Fig. 3.3).
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Figure 3.3. Percentage of students’ responses from 2-year and 4-year institutions that included
small intestine structure-function concepts. No significant differences between the institutions.
Topic 4: Cardiovascular System/Blood vessels
One SRF concept, blood pressure regulation (Appendix, Table A.3), was shared between
the two short-answer questions on the blood vessels, which included the arteries/arterioles and
arteriosclerosis questions (Table 3.1). Overall, students wrote about the structure-function (SRF)
concept in less than 31% of their responses (Fig. 3.4).
SRF Concept 14: Blood Pressure Regulation
For the SRF concept blood pressure regulation, there was not a significant difference
between the institution types for either question (Fig. 3.4). For the arteries/arterioles question,
20.9% of the 2-year students wrote about the blood pressure regulation structure-function
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relationship, while 30.3% of the 4-year students wrote about it. For the arteriosclerosis question,
8.8% of the 2-year students and 17.2% of the 4-year students wrote about the blood pressure
regulation structure-function relationship (Fig. 3.4).

Figure 3.4. Percentage of students’ responses from 2-year and 4-year institutions that included
blood pressure regulation structure-function concepts. No significant difference between the
institutions.
Discussion
Regardless of the type of institution offering anatomy and physiology, conceptual
understanding of the structure-function relationship is necessary to understand anatomical and
physiological processes. However, the type of institution (2-year or 4-year) may influence
conceptual understanding. The focus of my research is to compare conceptual understanding of
structure-function in 2-year versus 4-year anatomy and physiology students by using written
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formative assessment and constructed response questions with responses collected from students
at both types of institutions.
Research Question:
Is there a difference in anatomy and physiology students’ conceptual understanding of the
structure-function relationship between 2-year and 4-year institutions?
Research Hypothesis:
I hypothesize that differences in students’ academic readiness between two-year and four-year
institutions may affect conceptual understanding and student performance.
Conceptual understanding of the structure-function relationship is necessary to
understand physiological processes, and yet, my results suggest that there is a difference in
conceptual understanding based on institution. I found that the 4-year students mentioned 5 of
the 14 SRF concepts more often than the 2-year students. These differences occurred only in the
Anatomy & Physiology (A&P) I courses and not in A&PII. There was no difference in
performance between institutions in A&PII. Potential reasons for this difference may be college
readiness or academic integration.
College readiness
College readiness includes academic preparedness (e.g., GPA and standardized test
scores) as well as behaviors related to success such as critical thinking, study skills, time
management, and self-regulation (Barnes et al., 2010). Characteristics of underprepared
community college students identified in one study include a lower expectation of achievement,
greater test anxiety, and a lower course completion rate (Grimes, 2006), while another study
found gender, race and GPA to be predictors of student success (Mamiseishvili & Deggs, 2013).
In a longitudinal study that analyzed demographic and academic characteristics of students who
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persisted to degree completion, time between high school and community college, and GPA
were the significant predictors (Craig & Ward, 2008).
Anatomy and physiology is a gatekeeper course to health careers at 2-year and 4-year
institutions. Since this course is offered at both types of institutions, it offers an opportunity to
study preparedness between 2-year and 4-year institutions. Students enrolling in A&P I at a 2year institution may be less college ready than their counterparts at a 4-year institution. In
general, 2-year institutions have an open access policy, so that all students are able to attend with
a high school diploma or GED being the only academic qualification, although dual enrollment
high school students are also able to attend (Cohen & Brawer, 2003; Grubb, 1999). In contrast to
the 2-year institutions, according to the National Association for College Admission Counseling,
4-year institutions are more selective, requiring standardized test scores and specific GPA
thresholds, with average acceptance rates of 65% (NACAC, 2018). The 4-year institution
factored into this study requires standardized test scores in the top 30% nationally and a high
GPA, with an overall acceptance rate of 47%, and is moderately selective.
Compared to the 2-year students, the 4-year students have had more opportunities to be
exposed to science content and to develop self-regulatory skills before taking A&P I. For
example, 4-year students typically take a year of biology and one semester of chemistry as
prerequisites for anatomy and physiology. By taking these college courses first, the 4-year
students have potentially assimilated college readiness skills such as critical thinking, study
habits, and time management to help them be more successful in anatomy and physiology. In
contrast, students at a 2-year institution may be taking anatomy and physiology as their first
college course because there are no prerequisites.
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Academic integration
The concept of academic integration is closely linked with students’ academic
performance in college (Mamiseishvili and Deggs, 2013), and academic and social integration
are intertwined (Karp et al., 2010). Academic integration refers to students becoming attached to
the intellectual component of college, while social integration is the relationships and
connections outside of the classroom (Karp et al., 2010). Integration, or a sense of belonging,
was correlated with persistence to the second year in community college students (Karp et al.,
2010). However, Mamiseishvili and Deggs (2013) found academic integration to contribute to
persistence while social integration did not have an effect on the likelihood of persistence in
community college students.
Compared to the 2-year students, the 4-year students have had more opportunities to be
academically and socially integrated before taking A&P I. For example, 4-year students typically
reside on campus during their first years of college and have more opportunities to participate in
student organizations and clubs (Pichon, 2015). The 4-year students have potentially fostered a
sense of belonging and social integration to be more successful in anatomy and physiology. In
contrast, students at a 2-year institution may be commuter students with limited opportunities for
involvement outside the classroom (Pichon, 2016).
One way to develop college readiness skills and academic integration at 2-year
institutions is to assign prerequisites for anatomy and physiology. However, the few studies on
prerequisites for anatomy and physiology have had mixed conclusions. Sturges & Maurer (2013)
identified previous coursework in biology and chemistry as being positively correlated with
student success in anatomy and physiology at a 4-year university. On the other hand, Forgey
(2016) described a natural science prerequisite course as having a negative correlation to student
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success in anatomy and physiology, while a general biology prerequisite course had a positive
correlation to student success at a 2-year college. A further example of a positively correlated
prerequisite is an immersion general chemistry course designed to facilitate student success
(Lloyd & Eckhardt, 2010). Prerequisite courses which employ active learning and collaboration
allow students to connect with peers and instructors and thereby facilitating both social and
academic integration (Karp et al., 2010). Although there appears to be mixed results from adding
prerequisites for anatomy and physiology, a general biology course, or even a medical
terminology course, could provide college readiness skills and academic integration to 2-year
students, which may increase their preparedness for the course.
On the other hand, adding prerequisites would add more classes to the 2-year curriculum
compared to the 4-year curriculum, thus causing students to take more time to graduate. Taking
more time to complete a degree increases the chance that students may not finish a degree
(Forgey, 2016). Currently, attrition in anatomy and physiology courses at 2-year institutions is
around 50% (Harris et al., 2004). With a high attrition rate already, adding more classes to the
curriculum could potentially increase the attrition rate further. If the prerequisite classes were
designed to facilitate college readiness skills, then they may decrease the attrition rate.
Furthermore, beyond taking longer to graduate, adding prerequisites may cause students to face
financial burdens by paying for the additional courses (Forgey, 2016). Adding prerequisites may
be an additional expense but doing so may ensure that students matriculate through the class at
the 2-year institution on the first attempt rather than having to take the class a second time.
Conceptual Understanding in A&P II
There was no difference in performance between institution types on structure-function
concepts examined in the A&P II course. However, conceptual understanding of the structure-
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function relationship was lower for A&P II students (digestive and cardiovascular systems)
compared to the A&P I students. Less conceptual understanding in A&P II students is perplexing
as these students should be more prepared after having completed one semester of anatomy and
physiology.
A possible reason why A&P II responses showed fewer instances of conceptual
understanding may be that students find the particular organ systems targeted in the questions to
be challenging. The short-answer questions administered to A&P II courses examined 4 SRF
concepts related to the digestive system (absorption, digestion, secretion, and protection) and 1
SRF concept related to the cardiovascular system (blood pressure regulation). Other studies have
demonstrated students have difficulty with these organ systems. Prokop & Fancovicova (2006)
evaluated first-year undergraduates from a 4-year institution for their knowledge of concepts
related to all of the organ systems and found that 50% of students were successful with concepts
related to the digestive system, and 60% were successful with concepts related to the
cardiovascular system. Michael et. al. (2002) found that students from 2-year and 4-year
institutions have a number of conceptual difficulties regarding the cardiovascular system,
including pressure/flow/resistance relationships and blood pressure regulation. The prevalence of
conceptual difficulties related to the digestive and cardiovascular systems appears to be uniform
across diverse student populations. Future studies should include formative assessment of
additional structure-function concepts for these two organ systems, such as mechanisms of
absorption and pressure/flow/resistance relationships, to determine whether having multiple
opportunities and varying contexts in which to apply the structure-function relationship aids in
student learning of the core concept. In addition to the structure-function core concept,
conceptual understanding of these organ systems necessitates knowledge of other core concepts,
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such as homeostasis, information flow, matter/energy transfer/transformation, and levels of
organization (Michael et al., 2009), which have also been demonstrated to be difficult for
students. Therefore, further examination of these concepts and their connections within the
digestive and cardiovascular systems may help to inform the difficulty with conceptual
understanding observed in this study.
Conceptual Understanding of Structure-Function
On average, less than half of students in both A&P I and A&P II demonstrated
conceptual understanding regardless of institution. Prior studies have shown that students have
difficulty understanding the structure-function relationship (Carter & Prevost, 2018; Lira &
Gardner, 2017). A possible reason for such performance on these structure-function questions
may be levels of organization although the question topics in this study are at the molecular,
cellular, tissue and organ levels. The short-answer questions in this study were intentionally
designed around multiple levels of organization. In chapter 2 of this dissertation, I found that
students were more comfortable with macroscopic levels of organization, with fewer students
referring to the molecular and cellular levels of organization in their responses. Some of the
conceptual difficulty with these questions may be due to the focus on molecular and cellular
levels (e.g., muscular system with actin and myosin). However, students struggled with the
questions at the tissue and organ levels of organization. Therefore, levels of organization may not
be contributing to the difficulty with conceptual understanding of the structure-function
relationship observed in this study. Further research is necessary to explicitly focus on the role of
levels of organization in student conceptual understanding.
Another possible reason for students lacking conceptual understanding may be the
cognitive levels of the short-answer question prompts. The questions in this portion of the study
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are at the “understand” and “apply” levels, which are the second and third levels of Bloom’s
taxonomy, respectively (Anderson et al., 2001). This possibility will be explored further in
chapter 4 of this dissertation.
Implications for Teaching
If students from 2-year institutions are lacking college readiness skills and academic
integration to succeed in Anatomy & Physiology, they may not be able to complete an allied
health degree or attain a bachelor's degree. Two-year colleges are an essential component of
higher education because almost one half of students who receive a bachelor's degree in science
and engineering attend a community college at some point in their education (Olson & Labov,
2012). Community colleges have the potential to provide groundwork by focusing on college
readiness skills, such as critical thinking, study skills, and time management (Wang, 2015).
Two-year institutions may want to consider adding an A&P boot camp to help students
prepare academically for anatomy and physiology (Garrett, 2012). Similar endeavors with presemester week-long boot camps have led to increased student success and retention for biology
majors (Wischusen & Wischusen, 2007; Wheeler & Wischusen, 2014) and for STEM majors
(Findley-Van Nostrand & Pollenz, 2017). The Biology Intensive Orientation for Students (BIOS)
biology boot camp has shown to be effective at retention by increasing student success through
higher grades on class exams and final course grades (Wischusen & Wischusen, 2007) and by
developing self-efficacy, self-regulation, and a sense of belonging (Wheeler & Wischusen,
2014). The STEM Academy has also been shown to be effective at retention by increasing a
sense of belonging, enhancing students’ science identity, and by developing self-efficacy
(Findley-Van Nostrand & Pollenz, 2017). An A&P boot camp could be a week-long experience
that occurs prior to the start of the semester, and it could be designed to prepare the students for
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the rigor of anatomy and physiology. During this period, students could be exposed to anatomy
and physiology course materials, basic study skills, anatomical terminology, and interactive
quizzes prior to the start of the semester. A&P boot camp activities could include listening to
lectures, participation in active learning exercises, and a laboratory activity. Such a boot camp
could be provided for nominal costs, which include materials and textbooks. I recommend a boot
camp textbook to help students to think critically and to focus on core concepts, such as the
structure-function relationship, in a low-stakes format, and an example of such a textbook is Get
Ready for A&P (Garrett, 2012). An A&P boot camp for students at 2-year institutions has the
potential to facilitate the development of conceptual understanding and lead to college readiness
skills in a pre-semester format, providing some of the benefits of a prerequisite course (e.g.,
critical thinking, time management skills, anatomy terminology, etc.), without increasing time to
graduation/completion and financial cost.
These results suggest that students may benefit from a focus on core concepts within the
content of anatomy and physiology courses. This focus should occur in both the first and second
semesters of anatomy and physiology. For example, the structure-function relationship should be
introduced early in the first semester of anatomy and physiology, then reinforced as each organ
system is encountered through the first and second semesters. Instructors can use written
formative assessment to allow students to demonstrate their conceptual understanding within the
organ systems.
Conclusion
In summary, there is a difference in conceptual understanding of the structure-function
relationship between 2-year and 4-year students in anatomy and physiology. These differences
occurred only in the Anatomy & Physiology (A&P) I courses and not in A&PII. There was no

84

difference in performance between institutions in A&PII. However, conceptual understanding of
the structure-function relationship was lower for A&P II students (digestive and cardiovascular
systems) compared to the A&P I students. On average, less than 50% of students linked structure
and function in their responses regardless of question topic or institution. My results from written
formative assessment suggest that both 2-year and 4-year college students have difficulty with
conceptual understanding of the structure-function relationship.
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CHAPTER FOUR
COMPARISON OF QUESTION FEATURES
A Note to Reader: Portions of this chapter have been published by the American Physiological
Society. Permission has been granted by the publisher. KPC is the first author of the published
work. Luanna Prevost is second author and my Ph.D. advisor. Documentation of approval is in
the Appendix.
Abstract
Short answer essay questions contain features which are elements of the question which
aid students in connecting the question to their existing knowledge. Varying the features of a
question may be used to provide insight into the different stages of students’ emerging biological
expertise and differentiate novice students who have memorized an explanation from those who
exhibit understanding. I am interested in examining the cognitive level of questions, the use of
guiding context/references in question prompts, and the order of questions, and how these
features elicit student explanations of the core concept structure-function in anatomy and
physiology. I hypothesize that varying the features (cognitive level, guiding context and
question order) of short answer questions may affect student explanations. Short answer
questions based on the core concept ‘structure-function’ were administered to 767 students in a
junior level General Physiology course and to 573 students in a sophomore level Human
Anatomy and Physiology course at a large southeastern public university. Student responses
were first human scored and then scored by using lexical analysis and machine scoring. Students
were interviewed to examine their familiarity with levels of organization and to confirm their
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interpretation of the questions. Students demonstrated more conceptual understanding of four of
the structure-function concepts when answering the understand questions and more conceptual
understanding of two structure-function concepts when answering the apply questions. The
question prompts provided a different context which may have influenced student explanations.
There was no difference in conceptual understanding of the structure-function relationship with
and without the use of a guiding context in the wording of the question prompt. For question
sequence, students performed better on the last questions in the sequence, regardless of whether
the last question was easier or more difficult. Instructors should provide students with questions
in varying contexts and cognitive levels will allow students to demonstrate their heterogeneous
ideas about a concept.
Introduction
Short answer essay questions contain features that are elements of the question which aid
students in connecting the question to their existing knowledge (Goldstein, 2011). Question
features are the superficial characteristics of a question prompt that can be changed without
altering the underlying concept being assessed (Federer et al., 2015). Question features may
influence student explanations by acting as a knowledge retrieval cue (Goldstein, 2011).
Numerous studies have indicated that the features and formats of constructed response questions
influence student explanations (Federer et al., 2015; Nehm & Ha, 2011; Opfer et al., 2012;
Prevost et al., 2013). For example, in biology, the taxa used in the question may affect how
students respond in some cases but not others. When students were asked to describe how natural
selection may lead to the gain of a trait, students provided more complete responses when
describing the gain of a trait in a familiar animal such as a cheetah than the gain of a trait in an
unfamiliar animal such as a locust (Nehm & Ha, 2011). Students discussed varying types of
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mutations with greater frequency when the question stem referred to animals compared to
bacteria (Prevost et al., 2013). However, other studies have not found student explanations to be
influenced by question features (Weston et al., 2015). For example, when students were asked to
explain photosynthesis with different species in the question stems (corn vs. peanut), results were
similar for both plant species. In each case, more than half of the students demonstrated correct
conceptions of photosynthesis (Weston et al., 2015). Varying the features of a question may be
used to provide insight into the different stages of students’ emerging biological expertise and
differentiate novice students who have memorized an explanation from those who exhibit
understanding. This chapter investigates the effect, if any, of the question features on student
responses.
As a student views a short answer question prompt, attention is focused on relevant
pieces of information presented (Martinez, 1999). For example, an underlying concept in the
question prompt might be recognized by the student, which would be processed by working
memory. Once the information arrives in working memory, it is connected to existing
knowledge, which is contained in both working memory and long-term memory, and this
connection causes the information to become reorganized (Glynn & Muth, 1994; Martinez, 1999;
Mayer, 1992). As expertise develops in a subject, the way in which the information is processed
changes. Students take a more naive approach, categorizing problems based on recognizing
question features, while experts categorize problems based on recognizing underlying core
concepts (Chi et al., 1981; Opfer et al., 2012; Smith et al., 2013). Additionally, experts not only
recognize underlying concepts, but they are more likely to be able to apply their knowledge (Chi
et al., 1981). One of the goals of formative assessment is to help students make these connections
and reorganize their knowledge as they move from novice to expert ideas and develop scientific
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literacy (Bell & Cowie, 2001; Chi et al., 1981; Glynn & Muth, 1994). Although the effect of
many question features on prompting student understanding can be investigated, I am interested
in examining the cognitive level of questions, the use of guiding context/references in question
prompts, the order of questions, and how these features elicit student explanations of the core
concept structure-function in anatomy and physiology.
Investigating Student Responses to Varying Question Features
Cognitive Level
The Bloom taxonomy provides a framework for evaluating students’ cognitive processes
and can be used during the development of formative assessment short answer questions.
Bloom’s taxonomy is a framework of hierarchical categories in which assessment methods and
learning objectives are classified (Bloom, 1956; Anderson et al., 2001). Bloom’s taxonomy has
been used to evaluate learning outcomes and assessment in K-12 education since the 1960s but
only in limited contexts in higher education (Crowe et al., 2008). There are six levels of
cognition in Bloom’s taxonomy, and my research will focus on the first three levels. The first
level of Bloom’s taxonomy is “remember”, which refers to retrieving information from long term
memory and is typically associated with recall or recognition tasks (Anderson et al., 2001). The
second level is “understand”, which goes beyond simply remembering material and refers to
grasping the meaning and extrapolating information. Because the taxonomy is a hierarchical
framework, remembering is necessary for understanding. The third level is “apply” in which
existing knowledge is applied to a novel problem (Anderson et al., 2001). The final three levels
of cognitive processes in the hierarchy are “analyze”, “evaluate” and “create” (Anderson et al.,
2001).
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In order for meaningful learning to occur, students must use cognitive processes other
than “remember.” Meaningful learning refers to a student being able to understand what they
have learned and apply it in a novel context (Anderson et al., 2001). For example, formative
assessment short answer questions at the “understand” level of Bloom’s taxonomy will
encourage students to retrieve information related to terms and concepts, while short answer
questions at the “apply” level will encourage students to engage in application-style thinking
behaviors and to use their knowledge to solve a problem.
Guiding Context
The context of a question prompt may influence student responses. For example,
providing a specific context in a question prompt may cue the student to the salient elements and
facilitate knowledge retrieval. If short answer questions are designed with either a reference in
the question prompt to the core concept structure-function, or with no reference to the structurefunction relationship, these questions can provide insight into the type of learning that is
occurring.
Providing the core concept in the question prompt may assist novice learners in
responding to the question. In the question with the reference to the core concept, knowledge in a
specific context is being elicited (Duit, 1991). Novice level learners benefit from having the
specific context provided in a question prompt as this context helps them to make the connection
to their existing knowledge (Duit, 1991). For example, when students are asked to describe
pressure differences in two scenarios, with and without a reference to atmospheric pressure in
one of the scenarios, students who responded to the prompt with a reference to atmospheric
pressure provided more partially correct responses, with few students provided a completely
correct scientific explanation (Clough & Driver, 1986). Students who were not prompted with
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atmospheric pressure had responses that included more incorrect alternative ideas (Clough &
Driver, 1986). In the question without the reference to the concept, the student has to cognitively
retrieve the information regarding the core concept, and then apply the information in a new
context, which is more difficult and requires the student have access to their knowledge and
exhibit comprehension (Anderson et al., 2001).
Question Sequencing
Short answer questions that are ranked as “remember questions” require the student to
access his or her knowledge and use it to answer the question, while “understand” questions
provide a knowledge framework to the student (Anderson et al., 2001; Duit, 1991). A
“remember” question, such as “Define the principle: form reflects function”, requires the student
to retrieve the core concept without context, which is cognitively more difficult compared to an
“understand” question. An “understand” question, such as “Give an example of the principle
form reflects function from the human body”, directs the students’ attention to the core concept
in a specific context rather than the student having to retrieve it. The order in which these
questions are presented to the students may affect their ability to cognitively retrieve the
information and apply the concept. Asking the “remember” question first (more difficult) may
distract students’ attention from the core concept and the context. However, asking the
“understand” question first (cognitively easier) will direct the students’ attention to the core
concept and the context (Duit, 1991; Gentner & Toupin, 1986).
Question order may also elicit conceptual priming and affect student explanations. When
students are asked a question, they search their memories to retrieve the information. The search
is truncated as soon as enough information is found to answer the question. According to the
theory of increased cognitive accessibility, their response to the next question will be based on
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the information recently retrieved (Schwarz & Strack, 1991); this phenomenon is termed
conceptual priming. Exposure to a concept acts as a prime, which then activates memories
associated with the prime in subsequent questions. A larger number of preceding questions
would increase the amount of potentially relevant information retrieved and may make
subsequent questions cognitively easier (Carter & Prevost, 2018).
Prior research demonstrates mixed results for question order and conceptual priming;
much of that research focused on multiple choice questions. Question order is more likely to
have an effect on student performance when the multiple-choice assessment is given under a
speed condition; students have a certain amount of time to complete the assessment (Leary &
Dorans, 1985). However, question sequencing effects are not observed in all cases. Huck and
Bowers (1972) found no difference in performance between two versions of a multiple-choice
final examination delivered to an undergraduate introduction to psychology class, with the only
difference being the arrangement of easy-to-hard or hard-to-easy items. Similar results were also
found in an undergraduate educational psychology class with two versions (easy-to-hard/hard-toeasy) of multiple-choice examinations (Brenner, 1964).
The sequence of the short answer questions may affect student explanations, which
should be considered when evaluating student understanding of a core concept. By developing
short answer questions and varying the cognitive level, guiding context, and question
sequencing, and by comparing student responses to these questions, my research investigates the
breadth of student understanding of the relationship between structure and function in anatomy
and physiology.
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Research Questions:
1. How does varying the features of short answer questions affect student explanations about
the structure-function relationship in anatomy and physiology?
2. Do student responses to understand and apply level question reveal differences in their
conceptual understanding of structure and function?
3. How do student descriptions of the structure-function relationship differ when answering a
question prompt with reference to the core concept compared to students answering a
question prompt without the reference?
4. How does varying the order of questions from different cognitive levels affect student
explanations of the structure-function relationship?
Research Hypotheses:
1. I hypothesize that varying the features (cognitive level, guiding context and question
order) of short answer questions may affect student explanations.
2. I hypothesize that there is a difference in conceptual understanding based on the cognitive
level of the question prompts.
3. I hypothesize that there is a difference in conceptual understanding based on the reference to
the core concept in the question prompt.
4. I hypothesize that there is a difference in conceptual understanding between the question
orders.
Methods
Question Development and Administration
Short answer questions based on the core concept structure-function were administered to
767 students in a junior level General Physiology course and to 573 students in a sophomore

95

level Human Anatomy and Physiology course at a large southeastern public university. The
questions were administered throughout the semester as part of regular online homework via the
course management system. Administration of each question occurred shortly after the relevant
topic was discussed in class. Students were asked to explain their answer to the best of their
ability without the use of outside resources. For a subset of each of the questions from the
previous chapters, I modified the question prompts to examine how changes to the cognitive
level, guiding context, or question sequence influenced student responses.
Cognitive Level
I administered short answer questions at two cognitive levels: understand and apply
(Anderson et al., 2001) (Table 4.1). For each topic, students answered an understand question
followed by an apply question.
Guiding Context
To compare how the presence or absence of guiding context influences student
explanations, I varied the prompts of four short answer questions. Two versions of each question
were administered: one with the phrase “Based on form reflecting function” in the question
prompt and the other version without this phrase (Table 4.2). Each class was randomly split in
half. Half the class received the question prompt with the reference to the structure-function
relationship (version A) and the other half received version B. Responses were collected over
three semesters.
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Table 4.1 Short answer questions administered to students in General Physiology and Human
Anatomy and Physiology with question prompts at the understand and apply cognitive levels.
Topic
Question
Cognitive
Question prompt
name
level
Integumentary
system/Skin
layers

Muscular
system/Skeleta
l muscle
contraction

Two layers
of skin

Understand

Consider the two layers of the skin, the dermis and
the epidermis. Which structures of these layers
contributes to the functions of the integumentary
system? Explain your reasoning.

Third
degree
burn

Apply

Victims of third degree, or full thickness, burns
have their epidermis and dermis damaged. Relate
the loss of functions with losing these layers of the
skin.

Contractile
proteins

Understand

The contractile proteins actin and myosin are
involved in the sliding filament model of muscle
contraction. Based on the structure of actin and
myosin describe their role in skeletal muscle
contraction.

Rigor
mortis

Apply

A medical examiner is called to a crime scene to
investigate the circumstances of a recent death. The
victim is clutching a syringe in one hand and the
medical examiner is unable to remove it. Based on
form reflecting function, explain the role of actin
and myosin in the process of rigor mortis.

Question Sequencing
Students were asked to define and give examples of the concept structure-function. These
questions were administered to students in a General Physiology course (Table 4.3; Carter &
Prevost, 2018). The class was randomly split in half, and each half received the questions in a
different order. Half of the students answered format DX (define followed by give an example),
and the other half answered format XD (give an example followed by define) (Table 3). For each
question format, students were asked to provide one definition and three examples. Students
were not able to return to a question within the sequence.
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Human Scoring of Responses
Human scoring of all responses occurred as discussed in chapter 2 of this dissertation.
The student responses to the eight short answer questions were scored using a conceptual rubric
designed for each question (Appendix, Table A.1). As discussed in chapter 3, each response was
then coded for structure relates function (SRF) concept. If the student included a structure (1)
and a related function (1), the SRF concept would be (1).
Computer-Automated Scoring
Responses to the define and give example questions were scored by using lexical
analysis. Student responses to “Define the principle: form reflects function” and “Give an
example of the principle: form reflects function” were analyzed by using IBM SPSS Modeler
Text Analysis version 16 (SPSS, 2013). The steps of lexical analysis include extraction and
categorization; thus, the software identified terms and phrases and grouped them into categories.
The student’s written responses were categorized into zero, one, or more categories following
extraction. The category grain size was hierarchical based on biological levels of organization
from molecular to organ system (Carter & Prevost, 2018).
For the remaining questions, the results of human scoring were used for a training data
set and a testing data set for machine scoring using an ensemble method as discussed in chapters
2 and 3. Ensemble methods combine machine scoring algorithms to obtain better predictive
results than could be obtained by using only one machine algorithm. There are eight algorithms
used in the ensemble method in this study, and each algorithm is used to predict the scoring of
student responses in the dataset. Then, a final prediction is obtained by taking a weighted vote of
the classifier predictions (Dietterich, 2000).
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Table 4.2. Short answer questions administered to students in General Physiology and Human
Anatomy and Physiology. Version A contained the structure-function relationship (guiding
context, italicized) while Version B did not have the structure-function prompt.
Topic

Question Prompt
# and
version

Muscular
system/Skeletal
muscle
contraction/
Rigor mortis

1A

A medical examiner is called to a crime scene to investigate the
circumstances of a recent death. The victim is clutching a syringe in
one hand and the medical examiner is unable to remove it. Based on
form reflecting function, explain the role of actin and myosin in the
process of rigor mortis.

1B

A medical examiner is called to a crime scene to investigate the
circumstances of a recent death. The victim is clutching a syringe in
one hand and the medical examiner is unable to remove it. Explain
the role of actin and myosin in the process of rigor mortis.

2A

Your patient was recently diagnosed with celiac disease, which is an
autoimmune disease in which gluten damages the villi of the small
intestine. Based on form reflecting function, relate the damage of villi
to the functions of the digestive system.

2B

Your patient was recently diagnosed with celiac disease, which is an
autoimmune disease in which gluten damages the villi of the small
intestine. Relate the damage of the villi to the functions of the
digestive system.

3A

Arteries and arterioles are important in blood pressure regulation.
Based on structure reflecting function, explain how the structure of
these blood vessels contributes to blood pressure regulation.

3B

Arteries and arterioles are important in blood pressure regulation.
Explain how the structure of these blood vessels contributes to blood
pressure regulation.

4A

Mr. Gallagher has been taken to the local emergency room with a
complaint of chest pain. Further investigation reveals he has
arteriosclerosis, or a hardening of the arterial walls. Based on the
principle form reflects function, relate this diagnosis to the functions
of the arteries and arterioles.

4B

Mr. Gallagher has been taken to the local emergency room with a
complaint of chest pain. Further investigation reveals he has
arteriosclerosis, or a hardening of the arterial walls. Relate this
diagnosis to the functions of the arteries and arterioles.

Digestive
system/Small
intestine/Celiac
disease

Cardiovascular
system/Blood
vessels/Arteries

Cardiovascular
system/Blood
vessels/
Arteriosclerosis
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Table 4.3. Description of question format DX and XD. Each question format was administered
to half of a General Physiology class. Students were asked to provide one definition and three
examples (from Carter & Prevost, 2018).
Format

Description

Bloom’s taxonomy

DX

Define the principle: form reflects
function followed by Give an example
of the principle: form reflects function
from the human body

Remember followed by
understand

XD

Give an example of the principle: form
reflects function from the human body
followed by Define the principle: form
reflects function

Understand followed by
remember

Statistical Analyses
Cognitive Level
To examine differences in conceptual understanding between the cognitive levels of
question prompts for individual students, I compared the proportion of student responses
mentioning SRF concepts for each question with a McNemar test (McNemar, 1947). The
McNemar test is used to determine if there are differences on a dichotomous dependent variable
between two related groups. In this study, both the independent and dependent variables are
binary. The independent variable for the McNemar test is cognitive level, which has two values:
understand and apply. The dependent variable is the presence or absence of structure-function
concepts in the student responses. I compared the proportion of student responses that included
the structure-function concept by cognitive level for each question topic. For example, I
compared the number of responses to the integument questions that included the structurefunction concept protection between the understand and apply cognitive levels. I compared the
proportion of SRF codes between cognitive levels for each of seven structure-function (SRF)
concepts using the McNemar test. Because I performed multiple statistical comparisons, I
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applied the Bonferroni correction and lowered the critical p value from 0.05 to 0.01 to reject my
null hypothesis (Shaffer, 1995).
Guiding Context
To examine differences in conceptual understanding between the question formats, I
compared the proportion of student responses mentioning SRF concepts for each question with a
chi-square test for homogeneity (Marascuilo & McSweeney, 1977). The chi-square test for
homogeneity is used to determine if a difference exists between two independent groups on a
binary dependent variable. In this study, both the independent and dependent variables are
binary. The independent variable for the chi-square test is question prompt which has two values,
SRF prompt (guiding context) or no SRF prompt. The dependent variable is the presence or
absence of structure-function concepts in the student responses. I compared the proportion of
student responses that included the structure-function concept by question prompt. For example,
I compared the number of responses to the rigor mortis question which included the structurefunction concept ATP necessary for contraction to end between the question prompts. I
compared the proportion of SRF codes between question prompts for each of eight structurefunction (SRF) concepts using the chi-square test of homogeneity. Because I performed multiple
statistical comparisons, I applied the Bonferroni correction and lowered the critical p value from
0.05 to 0.01 to reject my null hypothesis (Shaffer, 1995).
Question Sequencing
The length of the written responses was compared between question formats to assess if
students were more verbose with a definition question followed by a give example question
(format DX), or a give example question followed by a definition question (format XD). The
length of student responses was analyzed by using a Mann-Whitney U test (Mann & Whitney,
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1947; Wilcoxon, 1945). I also performed a comparison of the hierarchical structure and function
lexical categories from SPSS Modeler for format DX and format XD to determine if students
used different words and phrases when they were asked to define the core concept compared to
giving an example of the core concept. A Fisher’s Exact Test analysis was performed to compare
the lexical analysis categories between the DX and XD question formats.
Student Interviews
I conducted interviews with four students following the interview protocol used by
Haudek et al. (2012). Interviews began with a think aloud protocol during which students
answered the same questions for which they had provided written responses in their homework.
Details of the interview protocol are found in the Appendix. I analyzed their verbal responses to
confirm that students were interpreting the questions in the manner intended and compared the
verbal and written responses. I coded their verbal responses by using the structure, function, and
structure relates to function categories used for written responses and compared the coding for
written and verbal responses. I then identified the categories used in the verbal responses and
compared them to categories identified in written responses (Carter & Prevost, 2018).
In the second part of the interview, I examined students’ familiarity with levels of
organization and their interpretation of the question wording. Students were first asked if they
could recall the levels of organization. Then, they were asked which level of organization they
typically found themselves thinking of for examples to identify student preferences within the
hierarchy. Students were asked for their feedback on the question prompts, specifically their
interpretation of the wording of the prompts. Students were then asked to define structure and
function (Carter & Prevost, 2018). Different portions of the interviews support the results in the
guiding context and question sequence sections of my results.
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Results
Cognitive Level
I collected a total of 279 responses over two semesters from students in General
Physiology and Human Anatomy and Physiology (Table 4.4). The responses are a subset of
responses collected in the study discussed in chapter 2 of this dissertation. In this study each
student answered the understand question followed by the apply question. For each topic, I will
present a comparison of SRF concepts between cognitive levels.
Table 4.4. Number of responses collected for short answer structure-function questions at the
understand and apply cognitive levels from students in General Physiology and Human Anatomy
and Physiology.
Topic
Question name
Cognitive level
N
Integumentary
Two layers of skin
Understand
system/Skin layers
83
Third degree burn
Apply
Muscular
system/Skeletal
muscle contraction

Contractile proteins
Rigor mortis

Understand
Apply
196

Topic 1: Integumentary System/Skin Layers
The integumentary system questions used to examine the influence of cognitive level
were “Two layers of skin” and “Third degree burn”. The “Two layers of skin” question is at the
understand cognitive level while the “Third degree burn” question is at the apply level (Anderson
et al., 2001). The SRF concepts identified in both of the integument questions are sensation,
protection and regulation (Figure 4.1). The SRF concept sensation was mentioned in
significantly more responses to the Apply question (60.2%) than the Understand question
(36.1%) χ2 (df=1, N=83)=7.848, p=0.000. However, significantly more responses contained the SRF
concept protection in the Understand question (65.1%) than the Apply question (13.3%) χ2 (df=1,
N=83)=34.588,

p=0.000 as well as the SRF concept regulation in the Understand question (55.4%)
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than the Apply question (13.3%) χ2 (df=1, N=83)=26.884, p=0.000, Figure 4.1, Appendix, Table
A.4).

Figure 4.1. Percentage of student responses for “Two layers of skin” (Understand) and “Third
degree burn” (Apply) questions that included integument structure-function concepts. *
significant p value <0.01.
Topic 2: Muscular System/Skeletal Muscle Contraction
The muscle contraction questions used to examine the influence of cognitive level were
“Contractile proteins” and “Rigor mortis”. The “Contractile proteins” question is at the
understand cognitive level while the “Rigor mortis” question is at the apply level (Anderson et
al., 2001). The SRF concepts identified in both of the muscle contraction questions are ATP
necessary for contraction to end, myosin binds to actin, muscle contracts due to calcium and
sarcomere contractile unit (Figure 4.2). The SRF concept ATP necessary for contraction to end
was mentioned in significantly more responses to the Apply question (56.6%) than the
Understand question (9.6%) χ2 (df=1, N=196)=86.260, p=0.000. However, significantly more
responses contained the SRF concept muscle contracts due to calcium in the Understand
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question (27.1%) than the Apply question (15.3%) χ2 (df=1, N=196)=9.490, p=.002 as well as the
SRF concept sarcomere contractile unit in the Understand question (23.5%) than the Apply
question (3.5%) χ2 (df=1, N=196)=35.220, p=.000. There was not a significant difference between the
cognitive levels for the SRF concept myosin binds to actin (Understand 57.1%, Apply 53.6%; χ2
(df=1, N=196)=0.706,

p=.401, Figure 4.2, Appendix, Table A.4).

Figure 4.2. Percentage of student responses for “Contractile proteins” (Understand) and “Rigor
mortis” (Apply) questions that included skeletal muscle contraction structure-function concepts.
* significant p value <0.01.
Guiding Context
For the guiding context comparison, I collected a total of 1,037 responses to four
questions over three semesters from students in General Physiology and Human Anatomy and
Physiology (Table 4.5). For each question, I will present a comparison of SRF concepts between
question prompts. The data were initially separated by General Physiology and Human Anatomy
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and Physiology courses, but there were no differences between the student responses, so the data
were pooled (Appendix, Table A.6).
Table 4.5. Number of responses collected for short answer structure-function questions with
either prompt or no prompt to the structure-function relationship.
Question
# and
version

N GP

N HAP

Question prompt

1A

A medical examiner is called to a crime scene to investigate the
circumstances of a recent death. The victim is clutching a syringe
in one hand and the medical examiner is unable to remove it.
Based on form reflecting function, explain the role of actin and
myosin in the process of rigor mortis.

98

42

1B

A medical examiner is called to a crime scene to investigate the
circumstances of a recent death. The victim is clutching a syringe
in one hand and the medical examiner is unable to remove it.
Explain the role of actin and myosin in the process of rigor
mortis.

123

38

2A

Your patient was recently diagnosed with celiac disease, which is
an autoimmune disease in which gluten damages the villi of the
small intestine. Based on form reflecting function, relate the
damage of villi to the functions of the digestive system.

57

45

2B

Your patient was recently diagnosed with celiac disease, which is
an autoimmune disease in which gluten damages the villi of the
small intestine. Relate the damage of the villi to the functions of
the digestive system.

63

57

3A

Arteries and arterioles are important in blood pressure regulation.
Based on structure reflecting function, explain how the structure
of these blood vessels contributes to blood pressure regulation.

42

45

3B

Arteries and arterioles are important in blood pressure regulation.
Explain how the structure of these blood vessels contributes to
blood pressure regulation.

58

54

4A

Mr. Gallagher has been taken to the local emergency room with a
complaint of chest pain. Further investigation reveals he has
arteriosclerosis, or a hardening of the arterial walls. Based on the
principle form reflects function, relate this diagnosis to the
functions of the arteries and arterioles.

97

45

4B

Mr. Gallagher has been taken to the local emergency room with a
complaint of chest pain. Further investigation reveals he has
arteriosclerosis, or a hardening of the arterial walls. Relate this
diagnosis to the functions of the arteries and arterioles.

119

54

Totals 657

380
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Question 1: Muscular System/Skeletal Muscle Contraction/Rigor Mortis
The muscle contraction short answer question is the rigor mortis question (Table 4.1).
There are five SRF concepts within the rigor mortis question: ATP necessary for contraction to
end, myosin binds to actin, muscle contracts due to calcium, and sarcomere contractile unit and
ATP no longer available (Appendix, Table A.5). There was not a significant difference between
the question prompts for the SRF concepts: ATP necessary for contraction to end (χ2 (df=1,
N=301)=2.009,

p=0.156), myosin binds to actin (χ2 (df=1, N=301)=0.117, p=0.733), muscle contracts

due to calcium (χ2 (df=1, N=301)=0.007, p=0.935), sarcomere contractile unit (χ2 (df=1, N=301)=0.648,
p=0.421) and ATP no longer available (χ2 (df=1, N=301)=0.132, p=0.717) (Fig. 4.3).

Figure 4.3. Percentage of student responses from prompt SRF and no SRF prompt that included
muscle contraction structure-function concepts.
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Question 2: Digestive System/Small Intestine/Celiac Disease
The small intestine short answer question is the celiac disease question (Table 4.1). There
are two SRF concepts in the celiac disease question: absorption and digestion (Appendix, Table
A.5). There was not a significant difference between the question prompts for the SRF concepts:
absorption (χ2 (df=1, N=222)=0.021, p=0.885)and digestion (χ2 (df=1, N=222)=0.045, p=0.832) (Fig. 4.4).

Figure 4.4. Percentage of student responses from prompt SRF and no SRF prompt that included
small intestine structure-function concepts.
Question 3: Cardiovascular System/Blood Vessels/Arteries and Arterioles
The blood vessels short answer questions included the arteries/arterioles question (Table
4.1). There was one SRF concept in the arteries and arterioles question: blood pressure
regulation (Appendix, Table A.5). There was not a significant difference in student performance
between the two question prompts the SRF concept (χ2 (df=1, N=199)=1.491, p=0.222) (Fig. 4.5).
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Question 4: Cardiovascular System/Blood Vessels/Arteriosclerosis
The blood vessels short answer questions included the arteriosclerosis question (Table
4.1). There was one SRF concept in the arteriosclerosis question: blood pressure regulation
(Appendix, Table A.5). There was not a significant difference in student performance between
the two question prompts the SRF concept (χ2 (df=1, N=315)=0.086, p=0.958)(Fig. 4.5).

Figure 4.5. Percentage of student responses from Arteries/arterioles and Arteriosclerosis
questions with prompt SRF and no SRF prompt that included blood pressure regulation
structure-function concepts.
Student Interviews Related to Guiding Context
Students were asked for their feedback on the question prompts. Some students found the
wording of the structure-function relationship confusing (i.e., “Based on form reflecting
function”). For example, the following student first answered the “celiac disease” question and
then provided feedback on the question prompt. When providing feedback on the question
prompt, she stated that she did not understand the word “reflects”:
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I think when trying to figure out what you mean by relating ... reflecting function, that's
kind of confusing, but generally it's like ... you know that you have to relate the structure
to the function. I think it probably would be better saying based on damage to structure ...
no, I don't know. I'm so bad at these. Maybe just instead of saying form just say structure.
That doesn't sound good either. I don't know if that's confusing or if it's just hard to like ...
I guess if it's hard to understand, it's technically confusing. (Ellen in response to “celiac
disease” question)
The student was then asked to answer the “blood pressure” question: “Arteries and
arterioles are important in blood pressure regulation. Based on structure reflecting function,
explain how the structure of these blood vessels contributes to blood pressure regulation.”
I just ... I think personally I don't like the word reflecting, but I don't know what else to
use there. I don't know. I think that reflecting ... I think it's the hard C in it. I don't know.
I'm weird. I think it's just like the hard reflecting function since they're both really hard
next to each other. I think it's just an off putting. (Ellen in response to “arteries/arterioles”
question)
Following up on this student’s response, the interviewer modified the question prompt by
removing the structure-function relationship (i.e., “Based on form reflecting function”) and asked
the student the same question but without the guiding context: “Arteries and arterioles are
important in blood pressure regulation. Explain how the structure of these blood vessels
contributes to blood pressure regulation.” The student responded as follows:
I think that's better because it also shortens it by a couple words. I think that helps like a
jumpstart ... it's not just like a ... it's obviously not a multiple choice, but it's like you
know that you already have to start explaining something and delving into what you
know. I think that helps to get you ready for it. (Ellen in response to “arteries/arterioles”
question with no SRF prompt)
Another student also mentioned they had difficulty with “the principle form reflects
function” in the question prompts:

Yes, because I'm like wait, describe the principle. I'm like wait, what's the principle?
Then reflecting function, really. It's just a little thing that tripped me up. Then I had to
think okay form reflects function. I had to pick that apart and be like okay what does
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form mean? What does function mean? Then I had to put it together and be like what do
they mean together? (Agatha providing general feedback about question prompts)
However, this student also provided feedback on the question prompts in general and the
structure-function relationship (“Based on form reflecting function”) in the prompts:
I think it's pretty clear because I think they both reflect one another, that's why it's a
reflection. It's like they're both looking, if it were a mirror, function would be looking
into form, form would be looking into function. Yeah because I would say form
definitely reflects function. It affects how something is performed. But I also think how
something is performed is a reflection in itself of the structure. So I don't think that's
confusing because I think of reflection with a mirror. (Mary providing general feedback
about the structure-function relationship in the question prompts)
Question Sequencing
Human Scoring
Human scoring of the responses revealed the percentage of students who used structure,
function or related structure and function in their responses for each question version. When
asked to define the core principle structure and function first (format DX), 13% of students
identified structures, 34% identified functions, and 2% of students were able to link the two
concepts (Figure 4.6). Students were asked to provide a total of three examples of the core
principle. The identification of structures and functions were similar for the three examples,
while relating structure and function increased from the first to the third example. By the third
example, 48% of students related structure and function in their responses. Overall, students
mentioned functions in their responses more often than structures. Within the examples, almost
100% of the student responses discussed functions.
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Figure 4.6. Human scoring of student responses to format DX. N=62 (from Carter & Prevost,
2018).

When asked to define the core concept secondarily, after providing examples (format
XD), 20% of students identified structures, 43% identified functions, and 17% of students were
able to link structure and function in their definition (Figure 4.7). When asked to provide
examples first, before giving a definition, less than 30% of students accurately related structure
and function in any one of the three examples.

Figure 4.7. Human scoring of student responses to format XD. N=69 (from Carter & Prevost,
2018).
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Response Length
Student response length varied from one word to a short paragraph (102 words). There
was not a significant difference in response length between question formats for define, give
example 1, or give example 2. For the third example, response length was greater for format DX
(median= 16.06) than for format XD give example 3 (median=15.69) (Mann-Whitney test,
U=1717.00, p=.05, d= 0.019) with an extremely small effect size (Cohen, 1988; Carter &
Prevost, 2018).
Lexical Analysis
Lexical analysis of the students’ written responses produced 23 lexical categories (Table
2.4 from Chapter 2, and Carter & Prevost, 2018). I compared lexical categories between the two
question formats. For the question “Define the principle: form reflects function”, I identified 10
categories in student responses to the format DX, and 13 in the format XD responses. Figure 4.8
shows the seven most commonly used categories in student responses. These seven categories
were found in more than 10% of student responses. For the question “Give an example of the
principle form reflects function”, both the format DX and format XD responses contained 20
categories, although only 11 categories are shown. These 11 categories were found in more than
10% of student responses (Fig. 4.9). Chi-square analysis of the lexical categories for the
“Define” question between the two question formats demonstrated no significant difference
between the question formats (X2 Define (df=14, N=273)=13.61, p=.479; Fig. 4.8). Similarly, chi-square
analysis of the lexical categories for the “Give example” question also demonstrated no
significant difference (X2 Give Example (df=19, N=953)=28.89, p=.068; Fig. 4.9).
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Figure 4.8. Lexical categories contained in student responses to “Define the principle form
reflects function”. Only categories found in more than 10% of the student responses are shown.
(fxn=function, str=structure). Format DX N=62, format XD N=69 (from Carter & Prevost,
2018).

Figure 4.9. Lexical categories contained in student responses to “Give an example of the
principle form reflects function”. Only categories found in more than 10% of the student
responses are shown. (fxn=function, str=structure). Format DX N=62, format XD N=69 (from
Carter & Prevost, 2018).
A Fisher’s Exact Test analysis of format DX revealed a significant difference in the
number of structure and function lexical categories used in student responses when comparing
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“Define” and “Give Example 1”, “Define” and “Give Example 2” and “Define” and “Give
Example 3” (p<.05) (Tables 4.6 and 4.7). However, there was not a significant difference in the
structure and function lexical categories among the examples.
A Fisher’s Exact Test analysis of format XD revealed a significant difference in the
structure and function lexical categories between “Define” and “Give Example 1”, “Define” and
“Give Example 2” and “Define” and “Give Example 3” (p<0.05) (Tables 4.8 and 4.9). However,
there was not a significant difference in the structure and function lexical categories among the
examples.
Table 4.6. Format DX structure lexical categories with frequency by question prompt and
Fisher’s Exact Test results comparing structure lexical categories by question prompt.
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Table 4.7. Format DX function lexical categories with frequency by question prompt and
Fisher’s Exact Test results comparing function lexical categories by question prompt.

Table 4.8. Format XD structure lexical categories with frequency by question prompt and
Fisher’s Exact Test results comparing structure lexical categories by question prompt.
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Table 4.9. Format XD function lexical categories with frequency by question prompt and
Fisher’s Exact Test results comparing function lexical categories by question prompt.

Student Interviews
Four students were interviewed for their interpretation of the questions and to provide a
definition of structure and function along with examples. Student responses were coded in the
same manner as written responses for structure, function, and structure relates to function. One
student related structure and function in her definition and examples for both verbal and written
responses. Another student identified structures only when prompted to define the core concept
in both written and verbal responses but related structure and function in examples of the core
concept in both written and verbal responses. The other two students identified only structures in
their written responses to the definition question yet during the interview related structure and
function in their responses to both the definition and give examples questions. The students also
used similar lexical categories in their verbal and written responses. For the definition question,
student responses were assigned to the same structure, structure/organ, and function categories in
both verbal and written responses. For the example question, three of the four student responses
117

were assigned to the same categories: structure/organ, function/organ, structure/tissue,
function/tissue.
During interviews, I examined students’ use of structures and functions within the levels
of organizations. When asked which level of organization they typically thought of as examples
of structures and functions, three out of four students interviewed identified the organ level. The
interviewer then asked why they thought of organs as examples of structures and functions.
Students described the tangible nature of organs and being able to identify a clear purpose as
reasons for focusing at the organ level, as exemplified in the following student responses
Because, I feel like they [organs] incorporate enough of tissues and cells. I feel like that's
the level that you get to where you're actually, you have something that has a purpose.
Obviously tissues have a purpose too, but I feel like tissues just build up organs, that's
what their main thing, whereas like your organ does something. - student 1
Because they (organs) are the ones I remember the most, are bigger things, and not the
smaller things, 'cause I can't wrap my mind around the smaller things. I can see the bigger
things clearly, and I can dissect it better than I could do with the smaller things- student 2

I think it's just easier for me to find an example when it's something that I can visibly see,
or I've seen before, rather than going to the atomic level, or the molecular level- student 3
The fourth student thought of cells when thinking of examples and mentioned red blood cells as
an example. The student then described their thinking about cells.
Because a lot of cells in our bodies have organelles and they perform a lot of different
functions. They provide a broad spec of functions and they ... A cell is like, reproduce,
divide, busy, busy bodies. I feel like my head's, a million thoughts is always going
through it. So I guess I would consider myself ... A cell is equipped to do certain
functions. So I guess I make sure I'm equipped with certain information or I have to know
a certain amount of information on a topic. Honestly, there's a picture of a little cell in my
head that's running around and it's talking to little organs and organ system. -student 4
Discussion
In this study, human scoring and computer-assisted scoring were used to examine how
varying features of question prompts may affect student writing about the structure-function
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relationship (SRF) in anatomy and physiology. This study was designed 1) to assess student
understanding of the structure-function relationship when answering questions at different
cognitive levels, 2) to examine if the presence or absence of the core concept structure-function
in the question prompt influences student explanations of the core concept, and 3) to determine if
varying the order of questions from different cognitive levels affects student performance on
structure-function short answer questions.
Overall research question:
1. How does varying the features of short answer questions affect student explanations about the
structure-function relationship in anatomy and physiology?
Overall research hypothesis:
1. I hypothesize that varying the features (cognitive level, guiding context and question order) of
short answer questions may affect student explanations.
I have demonstrated that question features can influence student explanations of the
structure-function relationship. I will discuss cognitive level, guiding context and question order
separately.
Cognitive Level
Research Question:
2. Do student responses to understand and apply level question reveal differences in their
conceptual understanding of structure and function?
Research Hypothesis:
2. I hypothesize that there is difference in conceptual understanding based on the cognitive
level of the question prompts.
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In this study, students show varied responses when prompted to demonstrate conceptual
understanding of SRF with questions from different cognitive levels. There is a difference in
conceptual understanding of SRF based on the cognitive level of the question prompt for six of
the seven SRF concepts. However, there is no clear pattern of the cognitive level of the question
prompt affecting student explanations. Students demonstrated more conceptual understanding of
four of the SRF concepts when answering the understand questions and more conceptual
understanding of two SRF concepts when answering the apply questions. The questions at the
apply level provided a different context, which may have influenced student explanations.
My results show that context affects student explanations. These results align with prior
studies that found that when students are asked to apply their knowledge in different contexts,
they may produce varying explanations. In a study of thermal equilibrium and the transfer of heat
energy between objects of different temperatures, Clark (2006) found that the context of the
question influenced students’ responses. Students were asked about thermal equilibrium in the
context of wood, metal, and glass in a refrigerator, in an oven, and in a hot trunk and if the
objects become the same temperature or remain different. The varying contexts elicited different
types of student responses, both correct and incorrect. Nehm & Ha (2011) explored open-ended
evolution questions and found that students’ use of core concepts of natural selection differed
significantly in relation to hierarchical level within-species or between-species and trait gain or
trait loss. Although context affected student explanations, there was not a consistent pattern
among the varying contexts. They found that explanations of trait loss included a greater number
of naive ideas while explanations of trait gain included a greater number of evolutionary key
concepts. Additionally, they found that within-species contexts demonstrated explanations with
more natural selection concepts, and between-species contexts had less concepts and more naive
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ideas (Nehm & Ha, 2011). In an evaluation of student conceptions about pressure, heat, and
evolution across different contexts, Clough and Driver (1986) found that context influences
performance with context affecting student explanations although there was not a consistent
pattern among the different contexts. For example, students included more correct ideas in
response to a question about pressure on a submarine and how that pressure changes with
varying depth. When asked about pressure differences on the submarine, such as pressure across
or pressure downwards, students had less correct ideas (Clough & Driver, 1986). Similarly, my
results with the “understand” and “apply” level questions, which provide varying contexts in the
question prompts, corroborate these findings: context affects student explanations.
Furthermore, it may not be only the context that affects student explanations, but whether
the context is familiar or unfamiliar to the student. In a genetics education study, students
mentioned more lexical categories in a question about genetic variation in animals (familiar
organism) compared to bacteria (unfamiliar organism) (Prevost et al., 2013). Similarly, in a study
of student conceptions of natural selection, students identified more natural selection core
concepts in questions about animals (familiar) compared to plants (less familiar) (Heredia et al.,
2016). In this study, familiarity of the question context may also have influenced student
response. Students identified different SRF concepts when responding to an understand question
than when responding to the apply questions. In addition, students mentioned more SRF
concepts when responding to the understanding questions “two layers of skin” and “contractile
proteins” compared to the apply questions “third degree burn” and “rigor mortis” (Figs. 1 and 2).
However, students mentioned one SRF concept more than the others in response to each of the
apply questions. The context of these apply question prompts may have been familiar to students.
Using a familiar context like burns or rigor mortis may cue students to mention specific SRF
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concepts while omitting other relevant concepts. The context of the question prompts between
the understand and apply questions seems to influence student explanations.
Guiding Context
Research Question:
3. How do student descriptions of the structure-function relationship differ when answering a
question prompt with reference to the core concept compared to students answering a
question prompt without the reference?
Research Hypothesis:
3. I hypothesize that there is a difference in conceptual understanding based on the reference to
the core concept in the question prompt.
This study found no difference in conceptual understanding of the structure-function
relationship with and without the use of a guiding context in the wording of the question prompt.
This finding is contrary to previous studies which found guiding context useful. For example,
Clough and Driver (1986) found that when asked about pressure differences on a submarine and
“use the idea of atmospheric pressure to explain your response”, student responses included more
correct ideas than when this phrase was excluded from the prompt (Clough & Driver, 1986). In a
more recent study of students’ evolutionary explanations, Kampouris and Zogra (2008) asked
students questions in which different types of information were provided for the student to base
their explanations of differential survival and trait maintenance through reproduction. In one
question (“task 3”), students were given no information about the initial state of the evolutionary
process while in another question (“task 4”), they were given details in the question prompt
about intraspecific variation and natural selection. Students provided more evolutionary
explanations to task 4 and more teleological explanations to task 3 (Kampouris & Zogra, 2008).
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In this study, the guiding prompt that stated the concept “form reflects function” may not have
improved student performance because they were unable to interpret the prompt. This occurrence
may be due to students not understanding the concept, or the terms “structure/form” and
“function” that comprise the conceptual framework, which is necessary for conceptual
understanding of the structure-function relationship (McFarland et al., 2016; Michael et al.,
2017). As described in student interviews from chapter 2, most students were able to define
function but had difficulty with structure. Students must understand both terms to fully
comprehend the link between structure and function. Therefore, providing the structure-function
relationship in the question prompt may not be helpful in eliciting student explanations. Guiding
context in the question prompt may be more helpful if students have a firm grasp of the concept.
Question Sequencing
Research Question:
4. How does varying the order of questions from different cognitive levels affect student
explanations of the structure-function relationship?
Research Hypothesis:
4. I hypothesize that there is a difference in conceptual understanding between the question
orders.
To address my research question of whether question sequence matters for formative
assessment, half of the students answered a “remember” (define) question first followed by three
“give example” (understand) questions (format DX). Only 2% of the students in format DX
related structure and function in their definition, while 48% related structure and function in their
third example. The other half of the students answered three “give example” (understand)
questions followed by a “remember” (define) question (format XD). Of the group that defined
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the core concept last, 17% of students related structure and function in their definition, and 23%
related structure and function in their third example. Students performed better (related structure
to function) on the definition question when it followed the example questions and on the
example questions when they followed the definition question. The performance of students in
this population may be related to the implicit nature of the core concept within this General
Physiology course. The concept is explicitly taught in the prerequisite anatomy and physiology
courses, but our results suggest that few students transfer their understanding of the concept in
this study. Transference is learning a concept in one context and applying it in another (Duit,
1991). The minimal transference observed in this study suggests the need for a curriculum that
explicitly helps students to recognize the importance of this concept (Michael, et al., 2009), and
to use the concept as a way to build connections between prior knowledge and newly introduced
ideas (Carter & Prevost, 2018).
My results show that students performed better on the last questions in the sequence,
regardless of whether the last question was easier or more difficult (Carter & Prevost, 2018).
These results are in contrast to prior research. For example, in a sample of 103 veterinary science
students in a timed exam, difficult multiple-choice items early in examinations were correlated
with deceased performance compared with students who had easier items first (Marks & Cronje,
2008). When the difficult questions were first, students ran out of time before they reached the
easier questions. The question order under a timed condition may lead to fatigue as well as
priming. Positing the more difficult questions first may cause conceptual priming, but because
the students are in a timed condition, they may not have the opportunity to demonstrate their
knowledge among the easier questions. However, Huck and Bowers (1972) found no difference

124

in performance when varying multiple choice item sequences when students are in a power
condition and have unlimited time to finish the assessment.
In this study, students in the format DX group performed better on the examples than
students in the XD group, while students in the XD group performed better on the definition than
did students in the DX group. This finding suggests that for the DX group, the definition acted as
a prime for the example question, and for the XD group, the examples acted as a prime for the
definition question. In each case, students had greater success in retrieving or applying the core
concept after priming. Interestingly, the three “give example” questions in each format do not
seem to act as a prime for each other (Figs. 6 and 7). However, previous studies have shown that
when the cognitive task is similar, there is less likely to be priming (Strack, 1992). Therefore, the
three example questions would not act as a prime for each other.
Implications for Teaching
Question features affected student explanations, especially cognitive level and question
sequencing. Formative written assessment as part of instruction with varying question features
allows for an examination of the depth of student understanding of the structure-function
relationship. Thus, formative assessment tasks should be at different cognitive levels and in
varying contexts to facilitate learning the core concept. Students may be able to demonstrate
conceptual understanding in one context but not another. In questions with a familiar context,
students may exhibit more conceptual understanding. However, this may not be an accurate
reflection of their understanding. Providing students with questions in varying contexts and
cognitive levels will allow students to demonstrate their heterogeneous ideas about a concept.
The purpose of formative assessment is to provide feedback to both the instructor and
student. However, formative assessment must align with curriculum and instruction if it is to
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support learning (NRC, 2001). Assessment, curriculum, and instruction should be at similar
cognitive levels and provide varying contexts. For example, if instruction is at the remember
cognitive level, it is unfair to expect students to understand or apply the information in a new
context. The results from formative written assessment can not only enhance learning via
feedback to instructors and students, but it may provide feedback to instructors about alignment
of curriculum to learning.
Conclusion
In summary, question features can influence student explanations of the structurefunction relationship. There was no clear pattern of the cognitive level of the question prompt
affecting student explanations. I found no difference in conceptual understanding of the
structure-function relationship with and without the use of a reference to the core concept in the
wording of the question prompt. My results show that students performed better on the last
questions in the sequence, regardless of whether the last question was easier or more difficult,
which may indicate conceptual priming. The context of a question prompt may influence
students’ explanations.
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Appendix A: Tables
Table A.1. Description of conceptual rubric for each short answer question prompt.
Question prompt
Conceptual rubric
Description
Consider the two layers of the skin,
Structures protection
Pigments, cells, glands and
the dermis and the epidermis. Which
tissues that provide
structures of these layers contributes
protection.
to the functions of the integumentary Function protection
Protective barrier
system? Explain your reasoning.
Structures regulation
Cells, glands and tissues that
regulate temperature, blood
supply and cell division
Function regulation
Homeostasis,
thermoregulation, repair, and
regeneration
Structures sensation
Cells and tissues which
provide sensation
Function sensation
Sense of touch and sensory
perception.
Victims of third degree, or full
thickness, burns have their epidermis
and dermis damaged. Relate the loss
of functions with losing these layers
of the skin.

Structures protection

Function protection
Structures regulation

Function regulation

Structures sensation
Function sensation

Pigments, cells, glands and
tissues that provide
protection.
Protective barrier
Cells, glands and tissues that
regulate temperature, blood
supply and cell division
Homeostasis,
thermoregulation, repair, and
regeneration
Cells and tissues which
provide sensation
Sense of touch and sensory
perception.
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Table A.1 (Continued) Description of conceptual rubric for each short answer question prompt.
The contractile proteins actin and
ATP necessary for
ATP required for myosin
myosin are involved in the sliding
contraction to end
heads to detach from actin.
filament model of muscle
Myosin binds to actin During cross bridge
contraction. Based on the structure of
formation myosin heads bind
actin and myosin describe their role
to active binding sites on
in skeletal muscle contraction.
actin.
Muscle contracts due Calcium released from SR
to calcium, troponin
and attaches to troponin,
and tropomyosin
causes tropomyosin to move
from active binding sites
Sarcomere is
Contraction occurs in
contractile unit
sarcomeres.
Specific structure of
Myosin is thick filaments
myosin
with myosin heads
Specific structure of
Actin is thin filaments with
actin
active binding sites.
Muscle shortening
Muscle shortens during
contraction, myosin pulls on
actin to shorten the muscle.
A medical examiner is called to a
crime scene to investigate the
circumstances of a recent death. The
victim is clutching a syringe in one
hand and the medical examiner is
unable to remove it. Based on form
reflecting function, explain the role
of actin and myosin in the process of
rigor mortis.

ATP no longer
available
ATP necessary for
contraction to end
Myosin binds to actin

Muscle contracts due
to calcium, troponin
and tropomyosin
Sliding filament
model of contraction
Sarcomere is
contractile unit

After death ATP is no longer
available.
ATP required for myosin
heads to detach from actin.
During cross bridge
formation myosin heads bind
to active binding sites on
actin.
Calcium released from SR
and attaches to troponin,
causes tropomyosin to move
from active binding sites
Either mentions “sliding
filament model’ or actin and
myosin slide past each other.
Contraction occurs in
sarcomeres.
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Table A.1 (Continued) Description of conceptual rubric for each short answer question prompt.
Consider the mucosa of the small
structures of mucosa The cells and tissues which are
intestine. Based on form reflecting absorption
responsible for absorption.
function, explain how this layer
contributes to the functions of the
digestive system.
increase surface area The mucosa increases surface
area for absorption.
function of mucosa
The mucosa is responsible for
absorption
absorption of nutrients.
structures of mucosa The enzymes which break down
digestion
food.
function of mucosa
The mucosa breaks down food
digestion
into nutrients.
structures of mucosa The cells and tissues which
secretion
secrete digestive enzymes,
hormones or mucus.
function of mucosa
The mucosa secretes digestive
secretion
enzymes, hormones and mucus.
structures of mucosa The cells and tissues
protection
responsible for protection.
function of mucosa
The mucosa provides a
protection
protective barrier and reduces
friction.
propulsion
The mucosa propels the food
(misconception)
bolus. (Should be the
muscularis propels food bolus).
Your patient was recently
diagnosed with celiac disease,
which is an autoimmune disease in
which gluten damages the villi of
the small intestine. Based on form
reflecting function, relate the
damage of villi to the functions of
the digestive system.

Villi structure
Change in surface
area
Decrease absorption
Change in digestive
enzymes
Decrease digestion

Propulsion
(misconception)

The villi change shape or
flatten.
There is a decrease in surface
area when the villi flatten.
There is a decrease in
absorption of nutrients.
There is a decrease in digestive
enzymes.
There is a decrease in the ability
to break down food into
nutrients.
The mucosa propels the food
bolus. (Should be the
muscularis propels food bolus).

.
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Table A.1 (Continued) Description of conceptual rubric for each short answer question prompt.
Arteries and arterioles are
smooth muscle in
The arterial wall is made of
important in blood pressure
wall
smooth muscle.
regulation. Based on structure
reflecting function, explain how the
structure of these blood vessels
contributes to blood pressure
regulation
vasoconstriction/vaso The smooth muscle contracts or
dilation
relaxes.
elasticity/flexibility
Arterial wall has the ability to
of arterial wall
stretch or change shape, and
then returns to original shape.
relationship between Mentions 2 out of 3. Mentions
resistance/flow/press there is a relationship between
ure
them.
Mr. Gallagher has been taken to the
local emergency room with a
complaint of chest pain. Further
investigation reveals he has
arteriosclerosis, or a hardening of
the arterial walls. Relate this
diagnosis to the functions of the
arteries and arterioles.

smooth muscle in
wall

The arterial wall is made of
smooth muscle.

regulation of blood
pressure

The smooth muscle contracts or
relaxes to regulate blood
pressure.
Arterial wall has the ability to
stretch or change shape, and
then returns to original shape.
Mentions 2 out of 3. Mentions
there is a relationship between
them.

elasticity/flexibility
of arterial wall
relationship between
resistance/flow/press
ure
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Table A.2. Metrics of model performance for each conceptual model.
Question prompt

Conceptual model

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

Consider the two layers
of the skin, the dermis
and the epidermis.
Which structures of
these layers contributes
to the functions of the
integumentary system?
Explain your
reasoning. training
n=418, testing n=179

Structures protection

0.773

0.836

0.687

0.928

0.935

Function protection

0.967

0.885

0.721

0.974

0.977

Structures regulation

0.923

0.841

0.805

0.919

0.923

Function regulation

0.724

0.735

0.676

0.887

0.858

Structures sensation

0.903

0.787

0.712

0.941

0.871

Function sensation

0.945

0.773

0.837

0.902

0.754

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

Structures protection

0.944

0.593

0.536

0.905

0.535

Function protection

0.972

0.793

0.912

0.925

0.869

Structures regulation

0.955

0.860

0.835

0.926

0.808

Function regulation

0.858

0.660

0.639

0.842

0.801

Structures sensation

0.958

0.851

0.904

0.957

0.935

Function sensation

0.876

0.794

0.809

0.917

0.903

Victims of third
degree, or full
thickness, burns have
their epidermis and
dermis damaged.
Relate the loss of
functions with losing
these layers of the skin.
Training n=425, testing
n=182
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Table A.2 (Continued) Metrics of model performance for each conceptual model.

The contractile
proteins actin and
myosin are involved in
the sliding filament
model of muscle
contraction. Based on
the structure of actin
and myosin describe
their role in skeletal
muscle contraction.
training n=506, testing
n=217

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

ATP necessary for
contraction to end

0.959

0.602

0.706

0.950

0.452

Myosin binds to
actin

0.972

0.778

0.785

0.915

0.902

Muscle contracts due 1.000
to calcium, troponin
and tropomyosin

0.915

0.890

0.959

0.877

Sarcomere is
contractile unit

0.976

0.939

0.963

0.979

0.906

Specific structure of
myosin

0.985

0.913

0.834

0.950

0.958

Specific structure of
actin

0.892

0.809

0.842

0.885

0.842

Muscle shortening

0.907

0.765

0.725

0.881

0.755
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Table A.2 (Continued) Metrics of model performance for each conceptual model.

A medical examiner is
called to a crime scene
to investigate the
circumstances of a
recent death. The
victim is clutching a
syringe in one hand
and the medical
examiner is unable to
remove it. Based on
form reflecting
function, explain the
role of actin and
myosin in the process
of rigor mortis.
Training n=680, testing
n=292

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

ATP no longer
available

0.936

0.865

0.931

0.924

0.965

ATP necessary for
contraction to end

0.867

0.829

0.937

0.876

0.931

Myosin binds to
actin

0.874

0.705

0.887

0.870

0.825

Muscle contracts due 0.893
to calcium, troponin
and tropomyosin

0.833

0.987

0.893

0.844

Sliding filament
model of contraction

0.946

0.881

1.000

0.953

0.837

Sarcomere is
contractile unit

1.000

0.959

1.000

0.983

0.953
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Table A.2 (Continued) Metrics of model performance for each conceptual model.

Consider the mucosa of
the small intestine.
Based on form
reflecting function,
explain how this layer
contributes to the
functions of the
digestive system.
training n=220 testing
n= 188

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

increase surface area

1.000

0.959

0.954

0.961

0.986

structures of mucosa
absorption

0.984

0.910

0.935

0.973

0.911

function of mucosa
absorption

0.985

0.907

0.890

0.963

0.987

structures of mucosa
digestion

0.896

0.892

0.946

0.900

0.923

function of mucosa
digestion

0.978

0.427
(n=60)

0.471

0.758

0.417

structures of mucosa
secretion

0.822

0.475
(n=32)

0.687

0.857

0.375

function of mucosa
secretion

0.895

0.923

0.729

0.938

0.953

structures of mucosa
protection

0.921

0.686

0.166

0.875

0.583

function of mucosa
protection

1.000

0.732

0.642

0.941

0.667

propulsion
(misconception)

0.813

0.226
(n=20)

0.000

0.750

0.150
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Table A.2 (Continued) Metrics of model performance for each conceptual model.

Your patient was
recently diagnosed
with celiac disease,
which is an
autoimmune disease in
which gluten damages
the villi of the small
intestine. Based on
form reflecting
function, relate the
damage of villi to the
functions of the
digestive system.
Training n=504, testing
n=216

Arteries and arterioles
are important in blood
pressure regulation.
Based on structure
reflecting function,
explain how the
structure of these blood
vessels contributes to
blood pressure
regulation. Training
=495, testing =210

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

Villi structure

0.793

0.208
(n=25)

0.000

0.000

0.000

Change in surface
area

0.861

0.764

0.619

0.891

0.722

Decrease absorption

0.811

0.542

0.486

0.870

0.982

Change in digestive
enzymes

1.000

0.105
(n=17)

0.000

0.500

0.062

Decrease digestion

0.857

0.398

0.325

0.778

0.326

Propulsion
(misconception)

1.000

0.213
(n=45)

0.009

0.667

0.138

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

smooth muscle in
wall

0.934

0.923

0.949

0.970

0.970

elasticity/flexibility
of arterial wall

1.000

0.912

0.926

0.979

0.995

regulation of blood
pressure

0.887

0.834

0.856

0.907

0.932

relationship between
resistance/flow/press
ure

0.948

0.570

0.573

0.781

0.817
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Table A.2 (Continued) Metrics of model performance for each conceptual model.

Mr. Gallagher has
been taken to the local
emergency room with a
complaint of chest
pain. Further
investigation reveals he
has arteriosclerosis, or
a hardening of the
arterial walls. Relate
this diagnosis to the
functions of the arteries
and arterioles. Training
n=542, testing n=232

Human
scoring
IRR

Training
kappa

Testing
kappa

Precision

Recall

smooth muscle in
wall

0.791

0.283
(n=32)

0.417
(n=3)

0.750

0.188

regulation of blood
pressure

0.938

0.793

0.800

0.916

0.736

elasticity/flexibility
of arterial wall

0.945

0.855

0.772

0.962

0.813

relationship between
resistance/flow/press
ure

0.850

0.588

0.532

0.793

0.620
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Table A3. Chi-square analysis of structure-function concepts from institutional comparison,
df=1. * P-value significant <.01.
Structure-function concepts from integument questions: Two layers of skin and third degree
burn
SRF
Structure-function (SRF)
% 2 yr
% 4 yr
Chi-square
P value or *
concept concept
value (df=1)
#
1
Sensation_Two layers of
19.0
31.1
11.366
0.001*
skin
Sensation_Third degree burn 40.2
54.5
9.206
0.002*
2
Protection_Two layers of
38.3
59.0
25.338
0.000*
skin
Protection_Third degree
6.7
14.4
6.688
0.010*
burn
3
Regulation_Two layers of
29.2
46.9
19.533
0.000*
skin
Regulation_Third degree
12.9
10.6
0.568
0.451
burn
Structure-function concepts from muscle contraction questions: Contractile proteins and rigor
mortis
SRF
Structure-function (SRF)
% 2 yr
% 4 yr
Chi-square
P value and
concept concept
value
sig*
#
4
ATP necessary for
4.6
11.0
5.435
0.020
contraction to
end_contractile proteins
ATP necessary for
51.8
54.3
0.273
0.601
contraction to end_rigor
mortis
5
Myosin binds to
51.3
66.1
7.183
0.007*
actin_contractile proteins
Myosin binds to actin_rigor 24.7
49.7
28.399
0.000*
mortis
6
Muscle contracts due to
12.6
32.2
20.421
0.000*
calcium_contractile proteins
Muscle contracts due to
9.4
21.4
12.095
0.001*
calcium_rigor mortis
7
Sarcomere contractile
16.9
24.6
3.113
0.078
unit_contractile proteins
Sarcomere contractile
2.0
1.2
0.415
0.519
unit_rigor mortis
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Table A3 (Continued) Chi-square analysis of structure-function concepts from institutional
comparison, df=1. * P-value significant <.01.
8
ATP no longer
55.3
54.9
0.006
0.938
available_rigor mortis
9
Muscle
17.6
21.2
0.677
0.411
shortening_contractile
proteins
Structure-function concepts from small intestine questions: Small intestine mucosa and celiac
disease
SRF
Structure-function category
% 2 yr % 4 yr Chi-square
P value and
concept #
value
sig *
10
Absorption_SI mucosa
32.3
36.8
0.693
0.405
Absorption_Celiac disease
14.0
18.7
1.101
0.294
11
Digestion_SI mucosa
5.6
13.2
4.627
0.031
Digestion_Celiac disease
0
2.2
2.816
0.093
12
Secretion_SI mucosa
7.3
12.1
1.926
0.165
13
Protection_SI mucosa
4.8
5.8
0.132
0.716
Structure-function concepts from blood vessel questions
SRF
Structure-function % 2 yr
% 4 yr
concept category
#
14
Blood pressure
20.9
30.3
regulation_Arteries
/arterioles
Blood pressure
8.8
17.2
regulation_Arterio
sclerosis

Chi-square
value

P value and
sig *

3.152

0.076

3.397

0.065
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Table A4. McNemar analysis of cognitive level of structure-function concepts, df=1. * P-value
significant <.01. Fall 2017 N=83
Structure-function concepts from integument questions: Two layers of skin (understand) and
third degree burn (apply).
SRF
Structure-function
%
%
McNemar
P value or *
concept (SRF) concept
Understand
Apply
value (df=1)
#
1
Sensation
36.1%
60.2%
7.848
0.000*
2
Protection
65.1%
13.3%
34.588
0.000*
3
Regulation
55.4%
13.3%
26.884
0.000*
SRF sum
73.5%
66.3%
0.694
0.405 NS
Structure-function concepts from muscle contraction question: Contractile proteins (understand)
and Rigor mortis (apply)
SRF
Structure-function (SRF) %
%
McNemar
P value and
concept
concept
Underst Apply
value (df=1)
sig*
#
and
4
ATP necessary for
9.6%
56.6%
86.260
0.000*
contraction to end
5
Myosin binds to actin
57.1%
53.6%
0.706
0.401 NS
6
Muscle contracts due to
27.1%
15.3%
9.490
0.002*
calcium
7
Sarcomere contractile unit
23.5%
3.5%
35.220
0.000*
SRF sum
70.9%
81.1%
7.521
0.006*
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Table A5. Chi-square analysis of guiding context of structure-function concepts, df=1. * P-value
significant <.01. P= question prompt refers to structure-function relationship, NP=prompt does
not refer to structure-function relationship.
Structure-function concepts from muscle contraction question: Rigor mortis
SRF
Structure-function (SRF)
%P
% NP
Chi-square
P value and
concept
concept
value
sig*
#
4
ATP necessary for
contraction to end_rigor
mortis
64.3
56.3
2.009
0.156
5
Myosin binds to
actin_rigor mortis
45.7
43.8
0.117
0.733
6
Muscle contracts due to
calcium_rigor mortis
17.1
17.5
0.007
0.935
7
Sarcomere contractile
unit_rigor mortis
5.7
3.8
0.648
0.421
8
ATP no longer
available_rigor mortis
61.4
59.4
0.132
0.717
Structure-function concepts from small intestine question: Celiac disease
SRF
Structure-function category
%P
% NP
Chi-square
concept #
value
10
Absorption_Celiac disease
11.8
12.4
0.021
11
Digestion_Celiac disease
10.8
9.9
0.045
Structure-function concepts from blood vessel questions
SRF
Structure-function
%P
% NP
concept
category
#
14
Blood pressure
regulation_Arteries
/arterioles
18.4
25.7
Blood pressure
regulation_Arterio
sclerosis
5.6
5.2

Chi-square
value

P value and
sig *
0.885
0.832

P value and
sig *

1.491

0.222

0.086

0.958
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Table A6. Chi-square analysis of guiding context of structure-function concepts by course,
df=1. * P-value significant <.01. P= question prompt refers to structure-function relationship,
NP=prompt does not refer to structure-function relationship. GP=General Physiology,
HAP=Human Anatomy and Physiology
Structure-function concepts from muscle contraction question: Rigor mortis GP only
SRF
Structure-function (SRF)
%P
% NP
Chi-square
P value and
concept
concept
value
sig*
#
4
ATP necessary for
60.2
50.4
1.934
0.164
contraction to end_rigor
mortis
5
Myosin binds to
40.81
39.02
0.049
0.825
actin_rigor mortis
6
Muscle contracts due to
12.24
17.07
1.052
0.305
calcium_rigor mortis
7
Sarcomere contractile
6.12
4.87
0.153
0.696
unit_rigor mortis
8
ATP no longer
58.16
54.47
0.233
0.630
available_rigor mortis
Structure-function concepts from muscle contraction question: Rigor mortis HAP only
SRF
Structure-function (SRF)
%P
% NP
Chi-square
P value and
concept
concept
value
sig*
#
4
ATP necessary for
73.81
73.68
0.000
0.990
contraction to end_rigor
mortis
5
Myosin binds to
57.14
57.89
0.005
0.946
actin_rigor mortis
6
Muscle contracts due to
28.57
18.42
1.135
0.287
calcium_rigor mortis
7
Sarcomere contractile
4.76
0
1.865
0.173
unit_rigor mortis
8
ATP no longer
69.05
73.68
0.209
0.647
available_rigor mortis
Structure-function concepts from small intestine question: Celiac disease GP only
SRF
Structure-function category
%P
% NP
Chi-square P value and
concept #
value
sig *
10
Absorption_Celiac disease
17.54
15.87
0.060
0.806
11
Digestion_Celiac disease
8.77
9.52
0.020
0.887
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Table A6 (Continued) Chi-square analysis of guiding context of structure-function concepts by
course, df=1. * P-value significant <.01. P= question prompt refers to structure-function
relationship, NP=prompt does not refer to structure-function relationship. GP=General
Physiology, HAP=Human Anatomy and Physiology
Structure-function concepts from small intestine question: Celiac disease HAP only
SRF
Structure-function category
%P
% NP
Chi-square P value and
concept #
value
sig *
10
Absorption_Celiac disease
4.44
8.77
0.698
0.404
11
Digestion_Celiac disease
13.33
10.53
0.220
0.639
Structure-function concepts from blood vessel questions GP only
SRF
Structure-function
%P
% NP
Chi-square
concept
category
value
#
14
Blood pressure
7.1
18.96
2.828
regulation_Arteries
/arterioles
14
Blood pressure
6.18
5.04
0.133
regulation_Arterio
sclerosis
Structure-function concepts from blood vessel questions HAP only
SRF
Structure-function
%P
% NP
Chi-square
concept
category
value
#
14
Blood pressure
28.89
33.33
0.170
regulation_Arteries
/arterioles
14
Blood pressure
4.44
5.55
0.063
regulation_Arterio
sclerosis

P value and
sig *
0.093

0.715

P value and
sig *
0.680

0.802
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Appendix B: Interview protocol for Anatomy and Physiology assessment
Example Interview Protocol-the interviews are research and are not part of the course
requirements
Participants will be asked to answer aloud anatomy and physiology short answer essay questions
that were previously given as an online homework assignment.
Example questions
1. Define the principle form reflects function.
2. Give an example of the principle form reflects function from the human body.
3. Consider the two layers of the skin, the dermis and the epidermis. Which structures of these
layers contributes to the functions of the integumentary system? Explain your reasoning.
4. A victim of a third degree, or full thickness, burn has their epidermis and dermis damaged.
Relate the loss of functions with losing these layers of the skin.
5. The contractile proteins actin and myosin are involved in the sliding filament model of
muscle contraction. Based on the structure of actin and myosin describe their role in skeletal
muscle contraction.
6. A medical examiner is called to a crime scene to investigate the circumstances of a recent
death. The victim is clutching a syringe in one hand and the medical examiner is unable to
remove it. Based on form reflecting function, explain the role of actin and myosin in the victim’s
grip on the syringe and the process of rigor mortis.
7. Your foot transmits the weight of your body to the ground and supports you in an upright
position. Explain how your foot demonstrates that structure reflects function.
8. Each of the long bones of the body has a hollow canal running down its length. Based on the
principle of complementarity, explain the function of this canal.
9. Consider the mucosa of the small intestine. Based on the principle of complementarity,
explain how this layer contributes to the functions of the digestive system.
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10. Your patient was recently diagnosed with celiac disease, which is an autoimmune disease in
which gluten damages the villi of the small intestine. Based on form reflecting function, relate
the damage of villi to the functions of the digestive system.
11. Arteries and arterioles are important in blood pressure regulation. Based on structure
reflecting function, explain how the structure of these blood vessels contributes to blood pressure
regulation.
12. Mr. Gallagher has been taken to the local emergency room with a complaint of chest pain.
Further investigation reveals he has arteriosclerosis, or a hardening of the arterial walls. Relate
this diagnosis to the functions of the arteries and arterioles.

The participant will be given a copy of her/his originally submitted (written) answer(s) and will
be asked the following questions:
1) What changes, if any, do you notice in your written and verbal answers?
2) How would you define the following terms:
Process
Structure
Function
3) Can you recall your strategy for answering this question on this assignment?
4) What aspects of the course are most helpful in preparing you for this problem?
5) Did you draw on any concepts you learned in other classes?
6) What anatomy and/or physiology courses have you enrolled in/completed?
7) What other high school/college biology courses have you completed?
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8) Let’s talk about the question itself. Are you having any problems with any parts of the
question? Are there any parts that are confusing?
9) What are the parts of the question that you felt are most relevant to your attempts to answer
it?
10) Are there any parts that you feel are unnecessary, that is, parts that you consider irrelevant to
the question that you can simply ignore?
11) Was any of the material on relating structure and function confusing to you?
12) Do you have any other questions or comments on the subject of the relationship between
structure and function, and how it applies to the anatomy and physiology concepts you learned in
class?
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Appendix C: IRB Approval Letters
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Appendix D: Publication consent from APS
Publication copyright permissions from Advances in Physiology Education. Retrieved from
https://www.physiology.org/author-info.permissions
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